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Meinen Eltern

"Alchemy has never interested me. It's altogether too... too..."
"Dangerous," said the Archchancellor ﬁrmly. "Lot of damn mixin' things up
and saying, hey, what'll happen if we add a drop of the yellow stuﬀ,
and then goin' around without yer eyebrows for a fortnight."
from Moving Pictures by Terry Pratchett
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1 Motivation
With the beginning of the 21st century, nanotechnology became a serious topic for re-
searchers in biology, chemistry and physics. In medicine,1 applications inspired by nan-
otechnology dominate the drug delivery sector.2 Further important applications of nan-
otechnology are found in energy storage,3 information technology4 and our daily life
(coatings, textiles, cosmetics).5
As nanotechnology deals with manipulation of atoms, molecules and objects of reduced
dimensions, it owes its success to the development of new measurement and character-
ization devices and techniques. As important milestones, development of atomic force,
scanning tunneling and confocal microscopy68 need to be mentioned. The second main
pillar are lithography techniques911 leading to continuous miniaturization of the fabri-
cated structures.
In general, nanotechnology is based on two fundamentally diﬀerent approaches - bot-
tom up12,13 and top down.14,15 Using the bottom up strategy means taking advantage
of self-assembly of nanosized or colloidal building blocks, which can be molecules, macro-
molecules or other (bio)particles. Those building blocks arrange themselve or are arranged
via chemical synthesis or positioning into functional superstructures serving a certain pur-
pose, for example treatment of cancerous cells.16 In top down strategies initially unpat-
terned materials or surfaces are structured by physical or chemical methods. Typically,
small devices or patterns form by using larger patterns to control the assembly. Lithogra-
phy techniques are prominent examples for top down approaches.
The need of cost-intensive photomasks and masters as well as other technological limi-
tations of lithographic approaches lead to the demand for straightforward, eﬀective and
variable methods for surface structuring. Wrinkling is a promising technique meeting the
above mentioned requirements and is the central topic of this thesis.
The second chapter of this thesis presents the fabrication and characterization of a library
of wrinkled surface structures. The focus lies on precise tunability of the resulting pattern
by means of directional and dimensional control as well as introduction of defects and
their impact. Dealing with particle assembly and design on nanostructured surfaces,
their wetting behaviour has drastic inﬂuence on the experimental outcome. This topic
is dealt with in chapter 3. Understanding the preparation and surface characteristics
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of wrinkled substrates, chapter 4 shows the versatility of wrinkle templates in assembly
and printing processes tailored for diﬀerent bioparticles (isotropic and anisotropic, rigid
and ﬂexible). Besides mere assembly, chapter 5 and 6 provide two strategies for the
preparation of functional materials. First, microgels are aligned, printed and crosslinked
to form responsive, ﬁber-like structures in chapter 5. Then, amine-functionalized silica
particles are partially modiﬁed with colloidal gold forming patchy particles, which exhibit
high interfacial activity (chapter 6).
2
2 Diversity: Generation of Various
Wrinkle Structures1
2.1 Introduction
Surface wrinkles1820 form upon relaxation or reduction of strain in a bilayer system
comprised of a thin stiﬀ layer resting on top of an elastic substrate (see Figure 2.1). The
long axis of wrinkles develops perpendicular to the direction of applied strain. Depending
on the elastic properties of the system, wrinkle dimensions - wavelength λ and amplitude
A range from nanometer (skin) to kilometer (plate tectonics) scale.18 Various material
combinations are used to build up those bilayer systems. Metal ﬁlms are deposited on
elastomeric templates2123 and strain is introduced by thermal expansion of the system.
Besides plasma oxidation of soft materials,24,25 focused ion beam treatments26 (also high
aspect ratio structures are accessible27) and periodic precipitation of inorganic salts,28
controlled solvent diﬀusion29 is used to generate and tune30 wrinkling patterns. Localized
dynamic wrinkling is possible by sliding a ﬂat edge over a metal surface.31
substrate
thin layer

A
hl
Figure 2.1: Wrinkles in bilayer system of substrate and thin layer with wavelength λ, am-
plitude A and thickness of thin layer hl. Figure was adapted from reference.18
Here a lithography-free preparation of wrinkles by plasma oxidation of polydimethylsilox-
ane (PDMS) is introduced. Uniaxial, biaxial and radial strain in the sample is realized
with custom-made stretching apparatuses according to Genzer et al.32 Subsequent plasma
treatment of the substrate converts the top layer of the elastomer into glass-like SiOx with
1Parts of this chapter were published in reference.17 This chapter hence contains material (text and
ﬁgures) published therein.
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variable thickness hl. Strain relaxation leads to sinusoidal surface wrinkling due to dif-
ferent Young's moduli of the two components. The top layer thickness hl is tunable by
duration of the plasma treatment and inﬂuences the characteristic wrinkle dimensions (λ,
A) as described by theoretical models:3336
λ = 2pihl
(
El
3Es
)1/3
(2.1)
A = hl
(

c
− 1
)1/2
(2.2)
with E = E/(1−ν2), hl the thickness of the top layer, E the Young's modulus of substrate
(s) and layer (l), E the plain strain modulus, ν the Poisson's ratio and (c)  the (critical)
compressive strain applied to the system. Derivations of the wrinkling equations can be
found in the appendix (see Section 11.1).
Plasma oxidation of PDMS substrates with reactive gases like oxygen,37 argon, nitrogen38
or CF4 3941 either leads to the formation of a hydrophilic SiOx layer or hydrophobic ﬂuori-
nated surfaces. Also photochemical processes (UV or UV/ozone treatments)42,43 convert
siloxane polymers to silicon oxide. Neutron reﬂectometry and x-ray photoelectron spec-
troscopy conﬁrm the formation of a smooth oxidized surface layer containing SiOx-rich
material. The oxide proportion in the layer increases with increasing exposure time and
the available volume for diﬀusion of low molar mass species decreases gradually. This
leads to self limitation of the oxidation process.42 After removal of carbonaceous species,
a continuous barrier layer of SiOx is formed. The thickness of this layer is of the order
of 20-30 nm. After the layer reached a certain thickness, active plasma species recombi-
nate before reaching unconverted polysiloxane and transformation to SiOx ceases. The
hydrophilic surface regains its hydrophobic character with time. Diﬀusion of low molar
mass and mobile cyclic molecules44 from the bulk area to the surface leads to hydrophobic
recovery (see Section 3.2). Cracking of the oxide layer may occur spontaneously upon me-
chanical or thermally induced stress and facilitates material transport towards the surface
and hydrophobization.4547
Besides systems from varying materials, a large number of wrinkle geometries with in-
creasing complexity is available. The structures range from linear surface wrinkles48 to
radial34 and random49 structures as well as herringbone or zigzag patterns, their transi-
tions and networks of channels.5055 The resulting structures are theoretically explained
by an order parameter and an elastic free energy suppressing Gaussian curvature.56
Other than wrinkles with constant dimensions several approaches were undertaken to gen-
erate gradient structures. Bliznyuk et al. use lithographic methods to create anisotropic
stripe patterns of alternating wettability.57 Fluorinated self-assembled monolayers and
4
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silicon oxide stripes induce directed motion of a ﬂuid droplet on the surface by an energy
gradient. Three dimensional arrays of surface gradients were prepared via a combina-
tion of capillary force lithography and a controlled reﬂow process.58 Thereby, micro- and
nanopatterns of polymethylmethacrylate (PMMA) stripes transform into multiscale gra-
dients. A diﬀusion process based on periodic precipitation28 provides control over slope,
dimension and position of precipitation bands. Concentration of chemicals, substrate
properties and localized UV irradiation lead to discontinuous structures on the microm-
eter scale replicated into PDMS. Strategies for gradient generation directly on PDMS
substrates are rarely found in literature and include shielding of the PDMS surface17,59
during oxidation as well as tuning the PDMS composition.60 This results in a variation
of hl and the dimensions A and λ.
By applying a constant degree of shielding to the entire sample surface the lower limit for
A and λ dimensions (obtained without shielding) can be shifted to even smaller values.
Figure 2.2 summarizes the approaches for preparation of wrinkles with constant, tiny and
gradient dimensions.
A
B
C
Figure 2.2: A: Wrinkle preparation by plasma exposure of stretched PDMS substrate and
subsequent relaxation. B: Preparation of tiny wrinkles by shielding the sub-
strate during plasma exposure. C: Preparation of gradient wrinkles by par-
tially shielding the substrate during plasma exposure. Figure was adapted
from reference.17 Reproduced by permission of The Royal Society of Chem-
istry.
Linear wrinkles with constant dimensions are widely used for the assembly or directed
growth of bionanoparticles,59,61 soft matter particles62,63 and hard colloids.64,65 The result-
ing materials are promising as optical band gap materials, electronic functional units or
data storage.6567 Further applications of wrinkles are as stamps for micro contact print-
ing,68 intaglio printing,69 replication processes70,71 and polymer patterning.72 Recently,
5
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wrinkled coatings showed antifouling properties in marine environment.73 Also measure-
ments of mechanical properties of thin ﬁlms were established.34,74,75 Surface wrinkling of
micropillar sheets leads to stretchable, adhesion-tunable dry adhesive.76
Tiny wrinkles may be a suitable platform for assembly and alignment of particles with
small dimensions like proteins or colloids in the lower nanometer range. As the wrin-
kle dimensions have to match the particle size their proper assembly is still challenging.
Additionally, corrugated substrates were used for guided block copolymer assembly.77
By reducing the substrate dimensions, the wrinkles adapt to domain spacings of block
copolymers for graphoepitaxial experiments.78,79
Finally, gradients simplify a crucial step in template-assisted nanoparticle assembly, i.e.
the adjustment of characteristic template dimensions (e.g. trench width and depth, trench
distance) to particle size,80 surface charge and concentration. Optimization of particle
assembly is usually carried out by extensive screening. A major drawback regarding
screening correlates with techniques involved in substrate preparation. Photolithography
and laser writing techniques are complex, costly and time-consuming. Consequently, there
is a demand for substrates with features covering an extended size range on the nano-
and microscale. Screening eﬀorts can be minimized by (dimensional) gradients on the
sample.59,81 Preparation of samples with diﬀerent dimensions is void, as one gradient
sample comprises all values for λ and A. Thus, the consumption of valuable material is
reduced, besides time saving preparation and characterization. Furthermore, variations
in preparation conditions (ﬂuctuations of humidity, temperature, concentration and aging
of particle solution) are excluded. The combinatorial experiment allows for adjustment
and optimization of several parameters (e.g. particle-sample interactions, particle shape
and inﬂuence of dimensions of underlying structure on the particle assembly) at once.
Additionally, straightforward and eﬀective template fabrication is given by the wrinkling
approach.17
In this chapter the diversity of wrinkling is presented. Besides characterization of the
oxide layer, the results are organized according to control of pattern geometry (direc-
tional control), control of pattern dimension (dimensional control) and observations upon
introducing defects (particles, holes, edges).
2.2 Characterization of SiOx Layer
Prior to going into detail to diverse wrinkle structures, the thin SiOx layer forming upon
plasma treatment of PDMS is characterized. The diﬀerence in elastic moduli of PDMS
fundament and thin oxide layer is crucial for wrinkle formation upon strain release in
the system. Therefore, elastic moduli of PDMS and PDMS exposed to increasing plasma
6
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doses with and without shielding were investigated by indentation measurements with
AFM. According to Equation 2.1 thickness of the oxide layer hl was calculated.
In Figure 2.3 elastic moduli according to the DMT model (Derjaguin-Muller-Toporov) are
plotted against plasma treatment time. The DMT model is a special model to calculate
the elastic modulus for elastic contact between two spheres considering adhesion and
attractive interactions outside the contact area.
0 50 100 150 200 250 300
0
20
40
60
80
100
120
oxidized PDMS
shielded (1 mm) PDMS
D
M
T
,
M
P
a
Plasma treatment time, s
Figure 2.3: Dependence of elastic modulus (DMT) on plasma treatment time of PDMS
substrates fully exposed to plasma and shieled (1 mm shielding distance).
With increasing plasma treatment time elastic moduli for PDMS and shielded PDMS sub-
strates increase from 40 MPa to 120 MPa and 10 MPa to 60 MPa, respectively. Partially,
values ﬂuctuate as observed for the measurement on PDMS after 300 s plasma treatment.
This may be due to defects or impurities in and on the PDMS. In literature46 increasing
inhomogeneity of the surface with time after plasma exposure is reported. Also the elas-
tic modulus of unoxidized PDMS was determined (7.8 MPa). The value is signiﬁcantly
higher than the value found in literature (1.4 MPa).46
Thickness of the silicon oxide layer was calculated from the elastic moduli values in Figure
2.3 considering both, the literature and the experimental value Es. Wavelength values
necessary for the calculation are taken from Figure 2.6 and Figure 2.12. Results are
7
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Figure 2.4: Thickness of oxide layer calculated from DMT moduli plotted against wave-
lengths of wrinkles for corresponding plasma treatment times.
depicted in Figure 2.4.
Thickness values calculated with the theoretical Es range well below values calculated
with the experimental Es. Within the error, thickness of the oxide layer increases with
increasing wavelength as expected. Thicknesses calculated with 1.4 MPa for Es are in good
agreement with literature42,45 and range between 15 and 50 nm. For the experimental Es
thicknesses range between 25 and 100 nm. This seems like an overestimation compared
to literature. Besides, oxide layers with such thicknesses should be identiﬁable in wrinkle
cross sections as published,61,68 which is not the case.
In literature,42,45 thickness of the oxide layer was determined with methods like ellipsom-
etry and XPS (X-ray photoelectron spectroscopy). Results range between 10 and 30 nm.
With XPS45 a thickness of 10-12 nm was determined. Limiting factor for data interpreta-
tion is the penetration depth of 8-10 nm for the measurement technique. Layer thickness
was mainly correlated with depletion of carbon atoms during plasma treatment. 20-30 nm
layer thickness were determined by ellipsometry.42 Due to a single layer model during eval-
uation a more quantitative interpretation is not possible. The gradual transition from the
glass-like top layer to PDMS is not considered.
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Possible error sources in AFM experiments result from the investigated system and the
measurement technique. First, the oxide layer is not a well deﬁned layer with exact
thickness but a gradient. Chemical composition of the top layer gradually changes from
glass-like oxide to PDMS without deﬁned boundary. Therefore measured values need
to be regarded as estimation of the layer thickness. Additionally, the oxide layer is not
measured independently but in combination with the underlying PDMS. The elastomeric
fundament may account for partical compensation of the indentation exerted by the can-
tilever. Furthermore, moduli were measured on planar, plasma treated substrates and
correlated with wavelengths determined from wrinkled substrates. How the process of
surface structuring inﬂuences the mechanical properties of the oxide layer is unknown. As
all measurements were carried out subsequently with one tip, calibrated before measure-
ment, wear of tip and changing tip diameter may also cause errors. Additionally, for very
small wrinkle wavelengths the defect density increases drastically (see also Figure 2.7),
complicates wavelength evaluation and consequently inﬂuences the calculation of hl.
2.3 Directional Control
The following section deals with directional control during wrinkle formation. Linear
and zigzag wrinkles, generated by one and two dimensional stress release, are discussed.
Dependence of wrinkle dimensions on plasma dose and correlations to the defect density
are explained.
2.3.1 Linear Wrinkles
Linear wrinkles form upon release of uniaxial stress in a bilayer system with distinct
elastic moduli. For wrinkle preparation a custom-made stretching apparatus as depicted
in Figure 10.1 (A) is used. Figure 2.5 shows an AFM height image of linear wrinkles
(A) and a corresponding cross section (B). The structure is characterized by wrinkle
wavelength λ (horizontal distance between adjacent minima or maxima of the structure)
and amplitude A (vertical distance between minimum and maximum). Although the
regularity of the pattern is high, disclinations and cracks occur. A crack is a fracture in
the thin SiOx layer proceeding perpendicular to the wrinkle direction and representing
an irregular form of stress release in the system. Cracks may also arise upon sample
deformation (bending, twisting).
Wrinkle dimensions depend on the plasma treatment time. According to Equations 2.1
and 2.2 the thickness of the thin layer hl increases with increasing plasma dose leading to
higher values for λ and A. Figure 2.6 shows the experimental correlation between plasma
treatment time and wrinkle dimensions. For high plasma treatment times (600 s, 900 s)
9
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Figure 2.5: AFM height image (A) of linear wrinkles (∆z=100 nm) with crack, disclination
and cross section (B) showing characteristic wrinkle dimensions (wavelength
λ and amplitude A).
experimental values deviate from the theoretical model predicting linearly increasing λ and
A for increasing hl. An explanation for the wavelength reaching a plateau for high plasma
doses is the self limitation of the oxidation process.42 After removal of carbonaceous
species, a barrier layer of SiOx forms limiting the diﬀusion of oxidative species towards
unconverted PDMS in the bulk. Consequently, the boundary between PDMS and the
oxidized layer is not sharp but a transition zone.
Figure 2.7 shows the number of disclinations (defects) per square milimeter of the sample
in dependence of the wrinkle wavelength. In literature, defect density is believed to
correlate to the rate of strain release.64,82 All samples were relaxed manually at a slow
but naturally variing rate and according to Watanabe and Mizukami83 a steep decrease
of the number of defects with increasing λ was found. The threshold wavelength for
wrinkles with low defect density is around 800 nm. Beyond that value defect density is
constant. The exact mechanism of defect formation is still investigated. An explanation
may be inhomogeous plasma treatment of the PDMS surface leading to defects in the SiOx
layer resulting in unequal distribution of stress in the custom-made stretching apparatus.
With increasing thickness the oxide layer gains mechanical strength and irregularities in
chemical composition are balanced out. Therefore, the resulting wrinkles exhibit higher
uniformity.
Another inﬂuence on the wrinkle dimensions is the thickness of the PDMS substrate.
Figure 2.8 summarizes λ and A for substrate thicknesses between 0.5 and 2 mm. With
increasing thickness λ and A decrease. For small plasma doses λ is reduced by 33% and
A by 48%, while for higher doses A decreases by 19% and λ by 40%. Additionally, the
10
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Figure 2.6: Dependence of wrinkle wavelength and amplitude on plasma treatment time.
decrease is linear for short treatments (30 s) and shows a kink at 1 mm thickness for 90 s
exposure. Reduction of wrinkle dimensions upon increasing substrate thickness can be
attributed to the restoring force during sample relaxation. As the restoring force increases
with increasing sample cross section, the force is higher for thicker samples. The higher
restoring force forms more and smaller waves per area compared to a lower force.
2.3.2 Zigzag Wrinkles
Introducing a second direction of stress to a PDMS sample yields zigzag wrinkles. The
stretching apparatus used for this approach is shown in Figure 10.1 (B). Here, the re-
laxation sequence tunes the pattern order: subsequent relaxation of the two stretching
directions introduces highly ordered chevrons, while simultaneous relaxation leads to a
random pattern as shown in Figure 2.9 A and B, respectively. The defects in Figure 2.9 A
are either due to clamping in the stretching apparatus or unequal relaxation of both sides.
As a consequence of apparatus design the substrate corners are not clamped optimally
and stress variation throughout the sample leads to defects. Manual sample relaxation
can also cause defect formation, if both stretching directions are not relaxed evenly.
11
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Figure 2.7: Number of defects per square milimeter depending on wrinkle wavelength.
As for linear wrinkles, dimensions of zigzag wrinkles depend on the plasma dose. Fig-
ure 2.10 shows AFM height images of zigzag wrinkles for plasma treatment times between
30 s and 360 s. White lines represent cross sections plotted in the adjacent graph. Due to
the random structure exact λ and A values are hard to determine. Nevertheless, growth
of the single wrinkle structure in height and expansion with increasing plasma dose is
distinguishable. From the cross sections an increase of the height range of the structure
from 150 nm to 450 nm can be read out for 30 s and 360 s plasma treatment.
2.4 Dimensional Control
Up to now, wrinkles with A ≈ 60 − 500 nm and λ ≈ 390 − 1600 nm were discussed.
For applications including the assembly of particles from the lower nanometer scale like
proteins or in graphoepitaxy experiments with block copolymers, wrinkle dimensions have
to be pushed to a lower limit. This is realized with the fabrication of tiny wrinkles by
a shielding process. Modifying the shielding towards partial shielding wrinkle gradients
covering a wide range of A and λ on one sample are accessible. They provide the possibility
of optimization of particle assembly - for both, soft and hard particles - by reducing the
number of samples to be prepared and excluding variations during sample preparation.
12
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Figure 2.8: Dependence of wrinkle wavelength and amplitude on thickness of PDMS sub-
strate for samples treated with plasma for 30 and 90 s.
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Figure 2.9: Zigzag wrinkles. (A) Ordered (∆z=250 nm) and (B) random (∆z=120 nm)
pattern depending on subsequent or simultaneous relaxation of the two stretch-
ing directions. The sketch shows the relaxation sequences for the diﬀerent
samples.
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Figure 2.10: AFM height images: Size dependence of zigzag wrinkles on plasma treatment
time. (A: 30 s, ∆z=250 nm; B: 90 s, ∆z=250 nm; C: 180 s, ∆z=300 nm; D:
360 s, ∆z=500 nm.) Right graph shows cross sections of zigzag wrinkles as
marked in the AFM height images.
2.4.1 Pushing the Limit: Tiny Wrinkles
Tiny linear wrinkles with dimensions well below those of standard wrinkles are prepared
by shielding the sample surface with a silicon wafer during plasma oxidation (see Fig-
ure 2.2 B). The distance between shielding wafer and sample surface determines the
resulting dimensions. Figure 2.11 depicts an AFM height image of tiny wrinkles after 60 s
plasma treatment and a corresponding cross section. The structure exhibits A = 13 nm
and λ = 170 nm. Due to the reduced size of the wrinkles, disclinations are frequently
found. Therefore, exact determination of wavelength and amplitude are complicated.
Though, the values deviate by 15% from the average, samples are reproducible within the
error range.
The inﬂuence of shielding degree on reduction of the wrinkle dimensions is shown in
Figures 2.12 and 2.13, where the plasma treatment time is plotted against A and λ
(every data point is averaged from ﬁve AFM measurements) and compared to values
from standard linear wrinkles.
Both, wavelength and amplitude are drastically reduced by the shielding. The smaller the
distance, the more pronounced is the eﬀect, i.e. for a distance of 1 mm between sample
and wafer smaller wrinkle dimensions are obtained than for a shielding distance of 2 mm.
The smallest wrinkles obtained by this approach provide λ =135 nm and A =8 nm.
Formation of tiny wrinkles is due to the reduced plasma dose the PDMS experiences.
Access of active plasma species towards the sample surface is reduced and hindered by
the shielding. Therefore, formation of the SiOx layer is decelerated resulting in a smaller
14
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Figure 2.11: (A) AFM height image of tiny wrinkles after 60 s plasma treatment with
shielding of 1 mm and (B) cross section. ∆z=30 nm.
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Figure 2.12: Dependence of wavelength of tiny wrinkles on plasma treatment time and
degree of shielding.
hl compared to the standard process. Tiny wrinkles with above mentioned dimensions are
not accessible by a reduction of the plasma treatment time in the normal process. Even at
plasma exposures as small as ﬁve seconds A and λ still exceed those of the tiny wrinkles.
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2.4.2 Gradient Wrinkles
Sorting and positioning of particles according to their size can be successfully acchieved
by wrinkle templates (see Chapters 4 and 5). In order to avoid extensive screenings
during adjustment and optimization of characteristic template dimensions for particles of
certain size, charge and concentration gradient wrinkles are advantageous. Approaches
for gradient preparation are variation of stretching degree, substrate thickness and plasma
dose (shielding).
Table 2.1 summarizes λ and A of a sample with gradually increasing stretching. With
varying strain between 117-131% of the original sample length λ remains constant within
the error range, while A shows a slight increase from 138 nm to 144 nm. Consequently,
no distinct gradient formation is detected. A possible remedy is the ampliﬁcation of the
strain gradient. But further stretching may also have an adverse eﬀect on the stability of
the sample, i.e. the sample may tear during plasma treatment.
As shown above (see Section 2.3.1), substrate thickness inﬂuences the resulting wrinkle
dimensions. Consequently, introduction of a thickness gradient in the PDMS sample
16
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Table 2.1: Results of gradient preparation by variation of stretching after 60 s plasma
treatment.
Position Stretching, % λ, nm A, nm
1 117 647±35 138±2
2 124 660±47 141±2
3 131 646±48 144±2
Table 2.2: Results of gradient preparation via variation of substrate thickness after 60 s
plasma treatment.
Thickness gradient parallel to stretching direction
Position Thickness, mm λ, nm A, nm
1 1.75 418±35 86±4
2 2.25 512±48 105±5
3 2.75 424±38 73±13
Thickness gradient perpendicular to stretching direction
Position Thickness, mm λ, nm A, nm
1 1.25 512±33 101±4
2 2.25 506±35 97±9
3 3.25 478±39 96±3
should result in a wavelength-amplitude-gradient. Table 2.2 summarizes A and λ for
thickness gradients parallel and perpendicular to the stretching direction. If the thickness
gradient is in stretching direction no gradient in λ and A is detected. For a thickness
gradient perpendicular to the stretching direction the wrinkle dimensions decrease from
λ = 512 ± 33 nm and A = 101 ± 4 nm at the thick end to λ = 478 ± 39 nm and
A = 96 ± 3 nm at the thin end. Although gradient wrinkles form, their dimensional
range is limited. Higher diﬀerence in the PDMS thickness could lead to problems during
clamping the sample in the stretching apparatus.
In order to expand the covered dimension range of wrinkle gradients, a shielding process
is established. According to the generation of tiny wrinkles, a silicon wafer is used. It
is placed in the middle of the sample. At one end the wafer is resting directly on the
substrate, at the opposite side it is lifted by a spacer (1 mm or 2 mm). Thereby, the
plasma dose is partially reduced in the shielded area and the layer thickness hl is varied.
The resulting gradient17 is two dimensional - the structure shows an amplitude-gradient
in addition to a combined amplitude-wavelength gradient. The dimension range of the
gradients depends on plasma treatment time. Figure 2.14 shows AFM height images and
cross sections of a 450 s gradient. The sketch in the upper left corner illustrates the
points of measurement. A gradient with a less extended dimension range (150 s plasma
17
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treatment) with AFM height images and cross sections is depicted in Figure 2.15.
In the unshielded area the sample shows λ = 885 ± 31 nm and A = 223 ± 1 nm (see
Figure 2.14). Underneath the silicon cover, three areas were analyzed with increasing
distance between wafer and substrate (Figure 2.14 b-d). λ was found to be constant
within the error range of ±10% (λ=300-330 nm), while A increases from 7±1 nm for b to
21±1 nm and 40±1 nm for c and d, respectively. Thus, a gradient in A is established in
the protected area of the sample. At the boundary between protected and unprotected
area (Figure 2.14 e-g) a gradient in λ (from 330±23 nm to 660±49 nm) and A (from
41±1 nm to 155±3 nm) was found. At the opposite edge with maximum spacing between
wafer and sample the gradient in wrinkle dimension is still existent, but less pronounced
(AFM images not shown). Comparing similar horizontal distances on the sample, the
gradient in λ and A is steeper for the egde with minimal wafer-sample-spacing compared
to maximum wafer-sample-spacing.
The sketch in Figure 2.14 summarizes the results: the blue triangle shows the amplitude-
gradient underneath the wafer, where a high A correlates with increased spacing; the
orange triangles stand for gradients in λ and A, where the width of the triangle corre-
sponds to the steepness of the gradient, i.e. a broad triangle stands for a steep gradient.
Macroscopically the amplitude-gradient (blue triangle) extends over the full width of the
sample (5-6 mm). Gradients in A and λ (orange triangles), proceeding perpendicular to
the amplitude-gradient, span up to 3-4 mm. A larger extension of the gradient, i.e. low
steepness, correlates with minimum shielding or maximum distance between cover and
sample, respectively.
To investigate the plasma dose inﬂuence on the dimensions of wrinkle gradients, plasma
exposure time was reduced to 150 s (see Figure 2.15). In the unshielded sample area
λ=600±77 nm and A = 127±6 nm is obtained. In the protected area the dimensions of
the structure are smaller: λ=240±22 nm and A=35±1 nm. At the edge of the covered
area, λ and A gradually decrease from 480±38 nm and 86±2 nm in the fully plasma
exposed area to 330±19 nm and 34±1 nm in the shielded area. The results show that
wrinkle gradients can be controlled with respect to the plasma dose. Increased wrinkle
dimensions are obtained with prolonged exposure. After 150 s, a range of 240-600 nm
for λ and 35-130 nm for A is covered within one sample, while 450 s of plasma treatment
provide 300-900 nm for λ and 7-230 nm for A.
Additionally, gradient steepness is tuned at the boundary of the shielded area by plasma
exposure time and distance between shielding wafer and PDMS substrate. For short ex-
posures (or maximum distance) gradients are less pronounced than for long exposures (or
minimum distance). Plasma penetration results in reduced growth of hl in the shielded
area compared to the unshielded area. Slowest growth of hl is assumed for maximum
18
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shielding and slightly increased growth for minimum shielding. Thus, long plasma expo-
sure leads to a large diﬀerence of hl at the boundary of the shielded area and a steep
gradient, while short exposure results in a small diﬀerence of hl and a less steep gradient.
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Figure 2.15: Sketch of gradient sample after 150 s of plasma treatment with letters in-
dicating the points of measurement and corresponding AFM height images
(a-c). The grey area in the sketch represents the area covered by the sili-
con wafer and the blue triangle indicates the direction of increasing distance
between wafer and substrate. All AFM images are accompanied by cross
sections. ∆z=175 nm. Figure was adapted from reference.17 Reproduced by
permission of The Royal Society of Chemistry.
For particle assembly structural dimensions of gradient wrinkles are adaptable to the
size of the particle system by variation of plasma exposure and shielding degree. There
are several advantages of using gradient wrinkles for assembly analysis of soft and hard
colloids:17 Preparation of samples with diﬀerent dimensions is void, as one gradient sam-
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ple comprises all values for λ and A. Thus, material consumption is reduced, besides
time-eﬃcient preparation and characterization. Furthermore, variations in preparation
conditions are excluded.
2.5 Edges and Defects
This section focuses on inﬂuences of edges and defects on the wrinkle structure. Edges
are introduced by directly covering parts of the PDMS sample with sticky tape or silicon
wafer. The shape of the resulting edges and the corresponding wrinkle dimensions are
assessed.
Additionally, defects are implemented into the wrinkle system in two ways. One approach
is incorporation of hard silica particles into PDMS. The inﬂuence on formation and defect
density of linear wrinkles is observed depending on particle size, concentration and plasma
dose. In the second approach, holes are generated on the PDMS surface by curing the
elastomer on a particle decorated substrate leaving spherical indentations in the sample
surface.
2.5.1 At the Edge
As mentioned above, edges can be implemented to wrinkle templates by partially covering
the sample surface with sticky tape or silicon wafer during plasma treatment. Conformal
contact between cover and substrate is crucial in this process to avoid plasma oxidation
underneath the mask. Masked areas remain ﬂat after sample relaxation due to the missing
oxide layer.
Figure 2.16 shows AFM height images of a sample masked with a silicon wafer in close
contact with the PDMS surface and the corresponding cross section. Image B was taken
directly at the edge between oxidized and native area, image A was taken at least 2 mm
away from the edge.
The edge between oxidized and untreated PDMS is straight and regular for the silicon
cover. For the sticky tape cover a rough edge is found (see Figure 2.16 C), due to tape
removal after plasma treatment. While the silicon wafer slightly rests on the sample and is
precisely removed with tweezers, detachment of the sticky tape transfers more mechanical
stress to the sample and the sensitive oxide layer leading to possible damage of the edge.
For both masking techniques a gradient of the wrinkle dimensions was observed. The
gradient proceeds perpendicular to the edge, smallest dimensions are found at the edge
and λ and A increase moving away from it. In both cases (silicon wafer and sticky
tape), λ=330 nm and A ranges around 50-60 nm at the edge, while λ =630-700 nm
and A=160-180 nm in the fully exposed areas. Wrinkle dimensions corresponding to the
21
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Figure 2.16: AFM height images of 120 s plasma exposed PDMS sample partially covered
with silicon wafer at full exposure (A) and at the edge (B) and 120 s plasma
exposed PDMS sample partially covered with sticky tape at the edge (C)
and at full exposure (D) with corresponding cross sections. ∆z: A=200 nm,
B=100 nm, C=150 nm, D=200 nm. Sketches show covered area in blue,
points of measurements in orange and triangles illustrate the gradients.
plasma treatment time are found approximately 75 µm away from the edge for thin masks
like sticky tape and more than 100 µm away for thicker masks (silicon wafer). Gradient
formation at edges may be due to a shadowing eﬀect of the masks. The eﬀect is more
pronounced for thicker masks as then the shadow increases.
In order to partially oxidize the PDMS surface via a mask and generate deﬁned pat-
terns with wrinkled and unwrinkled areas it is advisable to choose a hard mask material.
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Placement of the mask on the PDMS surfaces ensures conformal contact. Due to the shad-
owing eﬀect of the mask during plasma treatment, masks of minor thickness are preferred.
Additionally, the distance between individual features of the pattern has to exceed the
shadowed area where wrinkles are of smaller dimensions than in the fully exposed area.
2.5.2 Particle Defects
Casting PDMS onto a surface with loosely assembled2 silica particles leads to particle
incorporation into the elastomer. After thermal curing, particles are embedded in the
PDMS matrix. Figure 2.17 depicts an AFM height and phase image of particle-modiﬁed
PDMS. The height image suggests a particle location close to the surface. Their ap-
pearence as white dots in the phase image is explained by their hardness compared to
elastomeric PDMS. The particles are densely packed in hexagonal fashion.
3 µm3 µm
A B
Figure 2.17: AFM height (A) and phase (B) image of 1.1 µm silica particles incorporated
in PDMS. ∆z=200 nm, 20◦.
Patterns resulting from uniaxial stretching and various plasma treatment times are shown
in AFM height images in Figure 2.18. Major diﬀerence between particles of 0.5 µm and
1.1 µm diameter is particle arrangement within the patterns. For bigger particles large
aggregates are found, while small particles form clusters composed of few particles. Small
aggregates lead to a local broadening of λ or the introduction of disclinations but the
overall geometry remains. Increasing the plasma dose shows no inﬂuence on the resulting
pattern.
For 1.1 µm particles the pattern depends on the plasma dose. As the particles are orga-
nized in aggregates there is a clear distinction between particle-incorporating and particle-
free areas. Particle-free areas show regular wrinkles with dimensions increasing with the
plasma dose. In particle-incorporating areas formation of linear wrinkles is inhibited.
2Assembly by spin coating of silica particles on plasma activated petri dish.
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Figure 2.18: AFM height images of structures for various plasma treatment times and
particles of diﬀerent diameter incorporated into PDMS. From left to right
and top to bottom, ∆z=200 nm, 300 nm, 120 nm, 120 nm, 250 nm, 200 nm.
Instead, for short plasma treatment times wrinkle pairs form between adjacent paticles.
As the wavelength increases with the plasma time, for long exposures single waves are
detected between the particles. As those inter-particle waves proceed parallel to the stan-
dard wrinkles, the local stress on the PDMS is not altered by the introduction of the
particles. For 300 s of plasma the inter-particles waves are not interrupted by the hexago-
nal pattern of the particles but proceed along a particle line. Their direction then deviates
from the original wrinkle direction.
A possible application for the obtained structures lies in formation of deﬁned particle
aggregates. By the assembly of particles in inter-particle waves assemblies of two to
three particles are accessible. After a crosslinking step, doublets and triplets should be
releasable from the substrate.
2.5.3 Hole Defects
In order to generate hole defects in wrinkle structures, silicon wafers were decorated
with silica particles of diﬀerent diameters (50-520 nm) by spin coating and ﬁxed in place
by sintering. Afterwards PDMS is cured on the particle-decorated wafers and particles
protruding from the wafer are transferred into the PDMS as holes. Patterned PDMS
substrates are stretched radially and exposed to plasma to induce wrinkling.
As a ﬁrst step, even distribution of the silica particles on the wafers is ensured. Negatively
charged silica particles are spin coated onto silicon wafers coated with positively charged
24
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Table 2.3: Dimensional changes for silica particles sintered onto silicon wafers.
Original size, nm Width, nm Height, nm
100 183±19 83±16
300 411±67 273±16
520 700±54 493±13
PDADMAC. Interparticle repulsion and particle-substrate attraction due to electrostatic
charges of both components lead to random particle deposition on the wafers. Figure 2.19
summarizes the results for particles with increasing diameter.
3 µm0.5 3 µm1
A C
3 µm1 µm
B D
3 µm1
Figure 2.19: AFM height images of distribution of silica particles (A: 50 nm, 0.01 wt%;
B: 100 nm, 0.1 wt%; C: 300 nm, 0.25 wt%; D: 520 nm, 0.5 wt%.) on silicon
wafers. ∆z: A=100 nm, B=150 nm, C=450 nm, D=700 nm.
For 50 nm particles small aggregates are found. Additionally, size distribution of the
particles is broader than for uniform 100 nm and 300 nm particles. For 100 nm particles,
a concentration of 0.1 wt% is a good compromise between formation of few aggregates
and dense distribution of the particles. For 300 nm particles mostly smaller aggregates
form even though particle solutions were ultrasonicated prior to application. For 520 nm
particles only individual particles are observed, although the overall particle number on
the substrate is low compared to the other samples.
During sintering, the next step in substrate preparation, particles melt onto the silicon
wafer. Thereby, they undergo a change in shape, from spherical to a ﬂattened, pancake-like
shape. Table 2.3 points out the changes in particle height and width. Due to aggregate
formation and size variation, this was not evaluated for 50 nm particles. For further
experiments substrates with 520 nm particles seem most promising due to the single
particle distribution. PDADMAC applied on the silicon wafer during particle distribution
is thermally decomposed during sintering.
After melting the particles onto the silicon wafers, PDMS was cast on these masks to
obtain holes at the positions of the particles on the wafer. Figure 2.20 shows PDMS casts
from 300 nm and 520 nm particle substrates and the wrinkle patterns resulting from radial
stretching and subsequent plasma treatment. For Figure 2.20 D relevant picture details
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from individual images were selected.
3 µm2
C
3 µm5 µm
D
A
B
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Figure 2.20: AFM height images of ﬂat PDMS substrates with holes from (A) 300 nm
particles and (C) 520 nm particles and resulting wrinkle patterns (B, 4 min
plasma treatment) and (D, 120 s plasma treatment) from 5 mm stretching,
respectively. ∆z: A=350 nm, B=450 nm, C=600 nm, D=250 nm.
As 300 nm particles already exhibit aggregate formation upon distribution on silicon
wafers, the aggregates are transferred into the PDMS as irregular holes (see Figure 2.20 A).
Upon radial stretching and plasma treatment undeﬁned wrinkles form around the cavities.
The egdes of the cavities have no inﬂuence on the direction of the wrinkles.
For 520 nm particles, the PDMS cast shows homogeneous holes with dimensions match-
ing the dimensions of the particles sintered to the silicon wafer. After wrinkling of the
substrate star-like structures form around the indentations. In direct proximity to the
holes wrinkles proceed perpendicular to the hole edge and undergo a transition into zigzag
wrinkles with increasing distance to the hole.
Star-shaped wrinkles generated around indentation defects in PDMS serve as proof of
principle for further applications of those substrates for particle design. Filling the star-
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shaped patterns with crosslinkable particles would lead to star-shaped particle aggregates.
Stimuli-responsive particles, i.e. microgels, would be assembled into multidirectional ac-
tuators contracting upon external stimuli like pH, temperature or salt concentration.
2.6 Summary
Wrinkling is a facile, cheap and lithography-free technique to prepare nanostructured
substrates. The wrinkle pattern is controlled by the direction of the applied stress. One
dimensional stress leads to linear wrinkles, while two stress dimensions result in chevron
or random patterns depending on the relaxation procedure. Dimensions of the resulting
structures are easily tunable by substrate thickness and plasma dose. With increasing
plasma dose thickness of the SiOx layer generated as top layer on PDMS increases. Elastic
modulus of the oxide layer was investigated with AFM. Hence, the thickness of the oxide
layer is assessable (15-50 nm).
Wrinkle dimensions can be minimized by shielding the PDMS surface during plasma
treatment. λ and A become as small as 170 nm and 13 nm, respectively. Extension of
the wrinkle scale at the lower end allows assembly of small nano- and bioparticles as well
as graphoepitaxy experiments in the ﬁeld of block copolymers.
The shielding technique can be further exploited for generation of wrinkle gradients. A
wide range of wavelengths (200-900 nm) and amplitudes (7-230 nm) is covered on one
sample. These gradients are especially suitable for combinatorial experiments concerning
optimal assembly of soft and hard colloids.
Further modiﬁcations of wrinkles are possible by introduction of edges and defects in form
of particles and holes. Sharp edges can be introduced by partial coverage of the sample.
Conformal contact between cover and sample is crucial to avoid gradient formation at the
edges. Nevertheless, gradient formation is not completely avoidable as the cover material
partially shadows adjacent PDMS during plasma oxidation. Particles incorporated in
PDMS lead to formation of interparticle waves. Their size depends on the plasma dose.
The patterns may be useful in the formation of deﬁned particle aggregates (doublets,
triplets). Holes in the PDMS substrates lead to star-shaped wrinkle patterns suitable for
development of complex particle architectures.
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3.1 Introduction
The contact angle formed by a ﬂuid droplet on a patterned surface and its wetting be-
haviour deviates from the wetting behaviour of an ideal sample. In this chapter special
attention is paid to wetting of wrinkles and gradient wrinkle substrates.
According to the Young equation (see Section 9.2.1, Equation 9.16) three interfacial ten-
sions characterize the three phase wetting system and determine the contact angle of
a ﬂuid on a solid support. As the equation is valid for an ideal solid surface, which is
smooth, rigid, chemically homogeneous, insoluble and non-reactive (for details see Section
9.2.1) chemically patterned surfaces, rough samples and surface gradients require further
considerations.
Chemically Patterned Surfaces
Extrand84 performed contact angle and hysteresis measurements on surfaces with single,
circular heterogeneous islands. Hydrophobic polystyrene (PS) islands were generated on
a hydrophilic silicon wafer to conduct wetting experiments with water.
On homogeneous substrate regions contact angles are independent of drop volume and
comparable to reported values. A small drop deposited within a PS island exhibits the
advancing contact angle of water on a homogeneous PS surface. Upon addition of water
to the drop, the contact angle remains constant until the contact line advances onto Si.
This is accompanied by an abrupt decrease of θ and increase in drop width. Hysteresis is
the same for homogeneous and heterogeneous surfaces. Consequently, liquids do not sense
patterns underlying their contact zone and contact angles are determined by interactions
at the contact line.
Simulations show a possible use of the above results to control size and polydispersity of
micrometerscale drops using chemical patterns.85 Using an array of hydrophilic stripes,
drops can be sorted by size or wettability. Additionally, drop size can be tuned by the
wettability contrast between liquid and surface and stripe width of the pattern.
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Rough surfaces: Textures, Pores, Grooves & Wrinkles
On rough surfaces no relation between the experimentally observed contact angle θapp and
the Young contact angle can be found as the Young equation is invalid. Wenzel86 was the
ﬁrst to develop an equation (see Equation 3.1) taking roughness into account.
cos θapp = r cos θ (3.1)
with the average surface roughness r deﬁned as
r =
total surface
geometric surface
(3.2)
In the original paper, Wenzel presents data to support his equation but gives no math-
ematical derivation. Subsequently, Cassie and Baxter87 extended Wenzel's analysis to
porous or heterogeneous surfaces (see Equation 3.3).
cos θapp = f1 cos θ1 + f2 cos θ2 (3.3)
with total area of the solid-liquid interface f1 and total area of the liquid-air interface f2.
For a rough but not porous surface (f2 = 0) the equation of Cassie educes to Wenzel's
equation. The Cassie model can be generalized for heterogeneous surfaces, if f1 and f2
represent respective fractional surface areas of regions 1 and 2. In principle there is no
objection to write a general relation for an n-region surface (see Equation 3.4).
cos θapp =
n∑
i=1
f1 cos θ1 (3.4)
Figure 3.1 compares the situation of a liquid drop on a rough surface according to models
of Cassie and Wenzel.
Cassie Wenzel
Figure 3.1: Cassie and Wenzel models for a liquid drop on a rough surface. Figure was
adapted from reference.88
Bormashenko et al.89,90 show vibration-induced Cassie-Wenzel wetting transition on rough
surfaces. Experimentally determined resonance frequencies match with the calculated
eigenfrequencies of standing waves on the drop surface. They correlate the transition to
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displacement of the triple line and to inertia force when the frequency is far from resonance
and to increase in Laplace pressure in the vicinity of resonance. Another parameter to
control transition between Wenzel and Cassie is surface structure.91 By increasing the
hole diameter of a nanoporous alumina surface wettability changes from hydrophilic to
hydrophobic. The phenomenon is attributed to a gradual transition between Wenzel and
Cassie and a pressure balance model is proposed. The above mentioned experiments
provide valuable information for the design of superhydrophobic surfaces.
According to Bico et al.92 wetting of textured surfaces is described by two dimensionless
parameters: surface roughness and surface fraction characterizing the ratio between the
surface regions. For hydrophobic surfaces (θwater > 90◦), the contact line may pin to
the surface (pinning induced by sharp corners) resulting in super-hydrophobic behaviour
(θwater > 150◦). On a hydrophilic surface (θwater < 90◦), the drop either follows the
topography accompanied by a contact angle decrease or spreads inside the structure.
Emerging islands prevent total wetting of the surface.
Upon spreading of liquid drops on topographically structured surfaces (periodic, parallel
grooves & wrinkles) the typical ﬁnal drop shape is no longer spherical.9395 The direction
of elongation can be parallel or perpendicular to groove direction, depending on initial
drop conditions (anisotropic spreading). Droplet deformation is a result of anisotropy of
contact line movement over the structured surface and diﬀerent movement for advancing
and receding contact lines. Mostly, the drop spreads more quickly parallel to the structure
and the contact line pins to groove edges. Therefore, it is not possible to measure a single
contact angle on those substrates.
Bukowsky et al.96 observed a slip-stick behaviour of a droplet moving orthogonal to wrin-
kles. The behaviour is due to energy barriers caused by the topography. With increasing
wrinkle amplitude anisotropy of the sessile drop increases.97 Additionally, contact angle
hysteresis is distinct as the contact angle for drops receding perpendicular to wrinkles
steadily decreases towards zero. Anisotropic wetting behaviour and ﬂuidic transport as
function of groove geometry enables substrate applications for microﬂuidic devices.98
Surface Gradients
A special case of structured surfaces are surfaces with gradients - either of chemical99 or
topographical81 kind. In the ﬁrst case a wafer is exposed to a diﬀusing front of silane vapor
resulting in a spatial gradient in surface free energy and hydrophobicity. Tilting the wafer
with the hydrophobic end lower than the hydrophilic end results in uphill movement
of a water droplet positioned at the lower end. The motion results from imbalance of
surface tension forces acting on opposite sides of the drop edges.100 Also on substrates
with topographical gradients contact angles are found to be position dependent. Upon an
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external stimulus (i.e. vibration) of suﬃcient magnitude to overcome pinning eﬀects, the
drop moves down the wetting gradient from regions of high to low interfacial energy.
3.2 Hydrophobic Recovery
Prior to the study of wetting of wrinkles, a study regarding wetting behaviour of plasma
oxidized PDMS was conducted. Planar PDMS substrates were exposed to air plasma
between 30 and 450 s. Static contact angles of water droplets were measured 14 days and
49 days after sample preparation. Figure 3.2 summarizes the results.
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Figure 3.2: Contact angle of water on planar PDMS substrates exposed to increasing
plasma doses 14 d and 49 d after sample preparation.
Directly after sample preparation a water droplet completely wets the surface. Due to the
high hydrophilicity the contact angle θ is zero. Measurements were repeated 14 days after
sample preparation. The samples show almost constant contact angles of approximately
83◦. Contact angles seem independent of the plasma treatment time. Deviations from
the mean value may be due to impurities on the substrate surface or locally increased
roughness as the substrates are cast in a petridish. Contact angles are well below the
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contact angle of water on untreated PDMS (112.8◦) and conﬁrm a hydrophilic sample
surface. Samples aged for 49 days reveal signiﬁcantly higher contact angles than samples
aged for 14 days. Still the values are below 112.8◦ for untreated PDMS. Interestingly,
contact angles decrease with increasing plasma treatment time.
The phenomenon of plasma-treated PDMS samples regaining their initial hydrophobicity
with time is known as hydrophobic recovery.4347,101103 Several mechanisms for hydropho-
bic recovery were suggested: reorientation of polar groups from the surface to the bulk
phase or reorientation of nonpolar groups from the bulk to the surface are possibilities
besides diﬀusion of preexisting low-molecular-weight (LMW) silicone from the bulk to the
surface, condensation of surface hydroxyl groups and migration of in-situ created LMW
species during plasma treatment.
The recovery mechanism depends on the plasma intensity.103 At low intensities, the sample
is mildly oxidized and small amounts of LMW species form in-situ. These species as well
as LMW species initially present in the PDMS migrate from bulk to the surface. Due to
limited production of LMW species hydrophobic recovery is slow.
At high plasma intensities, as used in the present sample preparation, an inorganic SiOx
layer forms on the sample surface preventing diﬀusion of both preexisting and in-situ
generated LMW species. Nevertheless, LMW species form underneath the top layer in
absence of oxygen by thermal degradation of PDMS under vacuum into a mixture of cyclic
oligomers. Additionally, nonpolar groups migrating to the surface seem to be directly
oxidized under the rough conditions. This results in spreading of water on the PDMS
surface directly after plasma treatment. Main contribution to hydrophobic recovery seems
to be in-situ formed LMW species. Preexisting species do not aﬀect recovery signiﬁcantly
and a high concentration of in-situ generated LMW species accelerates recovery.
Jokinen et al.102 report slower recovery for samples treated with nitrogen plasma compared
to oxygen plasma. Mostly recovery is completed after 50 days, which is consistent with
the data in Figure 3.2. Crack formation during sample preparation requires additional
considerations as they facilitate material transport to the sample surface.
The presented results (see Figure 3.2) correspond to the model101 of diﬀerent zones forming
in a silicone elastomer due to plasma treatment. The top layer is converted into SiOx with
cracks. Below this layer LMW species form. Hydrophobicity is recovered by migration to
and adsorption of LMW species at the air-polymer interface. Lower contact angles, i.e.
less hydrophobicity, of samples for high plasma doses may be due to the barrier function
of the top layer. As the thickness of the top layer increases with incrasing plasma dose,
diﬀusion of LMW species to the surface is decelerated or inhibited.
Due to the ageing phenomenon, further contact angle measurements were performed on
samples aged equally under identical storage conditions.
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3.3 Wetting of Wrinkles: Cassie or Wenzel?
Characterization of the wetting behaviour of nanostructured wrinkled samples is carried
out using contact angle measurements. In a second step data is evaluated according to
Cassie and Wenzel model and the model describing the system most accurately is selected.
Figure 3.3 shows contact angle data measured parallel and perpendicular to wrinkle
grooves on samples aged for 18 days in comparison to planar plasma-oxidized PDMS
after 14 days and 49 days and the reference value of PDMS.
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Figure 3.3: Contact angle of water in dependence of plasma treatment time for planar
PDMS after 14 d/49 d and wrinkles after 18 d. Contact angles on wrinkles
were measured parallel and perpendicular to the wrinkle direction.
Contact angles are measured parallel and perpendicular with regard to wrinkle direction
due to anisotropic drop shapes on wrinkled or chemically patterned surfaces. This eﬀect
was also reported in literature.18,57,95,97 Typically, droplets are elongated instead of ex-
hibiting a sperical shape. Spreading along the stripe pattern is preferred over spreading
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perpendicular to the pattern direction. Individual stripes or corrugations act as energy
barriers and result in slip-stick-like droplet motion. As deposition kinetics inﬂuence drop
shape, droplets were inﬂated prior to careful deposition. Introduction of further energy
correlated with droplet impact is excluded.
Figure 3.3 shows higher variation for contact angles measured perpendicular to the wrin-
kles than for angles measured parallel to the structure. Parallel angles are between 110◦
and 120◦, while perpendicular angles scatter between 110◦ and 135◦. Continuous drop
elongation along the grooves leads to pronounced contact angle variations detected per-
pendicular to the grooves. Extension of the drop perpendicular to the wrinkles is governed
by pinning of the drop edge to wrinkle maxima or minima. Consequently, contact angles
measured parallel to the grooves result in more narrow values. Additionally, Figure 3.3 in-
dicates that surface wrinkles increase the measured contact angles and the hydrophobicity
of the substrate. Independent of the plasma treatment time, contact angles for structured
substrates (≈ 115◦) range well above contact angles for plasma treated planar substrates
(≈ 80◦) aged for similar time. Most data points are also placed above the contact angle
of untreated PDMS.
In order to determine the type of wetting contact angles from wrinkle substrates were
ﬁtted according to Cassie and Wenzel model.
In Cassie state the liquid only is in contact with the maxima of the underlying structure
enclosing air pockets between liquid and structured solid surface. Here, the surface struc-
ture increases the apparent contact angle due to the air pockets irrespective of the initial
wettability of the substrate.91 Air and solid fractions of wrinkled samples were extracted
from AFM data as shown in Figure 3.4.
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Figure 3.4: Cross section obtained from AFM height image of wrinkles after 30 s plasma
treatment for extraction of solid and air fractions. The area below (left)
the wrinkles was determined by integration with the help of a baseline. For
calculation of the area above (right) the wrinkles the cross section was inverted
and the maxima set to zero prior to integration.
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First, cross sections of 5 µm length are extracted from AFM height images of wrinkles.
Then, the areas below and above the wrinkles are calculated by integration according
to Figure 3.4. Dividing the individual areas by the total area leads to the solid and air
fraction. Then, apparent contact angles were plotted against the air fraction according
to Equation 3.3. Figure 3.5 shows the results. Independent of the initial value, 80◦ for
oxidized PDMS or 112.8◦ for untreated PDMS, the Cassie model fails to ﬁt contact angle
data obtained from parallel and perpendicular measurements properly. Experimental
values range between the two theoretical data sets.
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Figure 3.5: Contact angle in dependence of air fraction of wrinkle substrates measured
parallel and perpendicular to the wrinkle direction with Cassie ﬁts.
Figure 3.6 summarizes the results for Wenzel model, where the wrinkle grooves are com-
pletely covered with liquid.91 From that hydrophobicity or hydrophilicity of the structured
surface is enhanced. The apparent contact angle increases for hydrophobic surfaces and
decreases for hydrophilic surfaces. Surface roughness, necessary for the model, was cal-
culated by comparing the surface area of wrinkled substrate with the surface area of ﬂat
substrates. Apparent contact angles are plotted against this roughness factor according to
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Equation 3.1. With the contact angle of planar, untreated PDMS (112.8◦) the apparent
contact angles obtained from perpendicular and parallel measurements are described well.
As wrinkles increase sample hydrophobicity, ﬁtting with an initially hydrophilic value (80◦
for oxidized PDMS) is not suitable.
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Figure 3.6: Contact angle in dependence of roughness of wrinkle substrates measured
parallel and perpendicular to the wrinkle direction with Wenzel ﬁts.
Wetting behaviour of water on wrinkles with increasing dimensions is described with
the Wenzel model. Water completely wets the surface without enclosure of air pockets.
Surface roughness is the main contribution to the contact angle increase on wrinkled sub-
strates. Reasons for wetting in Wenzel state may be the low aspect ratio of wrinkles and
the sinusoidal cross section of the pattern. As the wrinkle wavelength is large compared to
the amplitude, the overall pattern can be described as ﬂat and wavy. In contrast to litho-
graphically fabricated stripe patterns with sharp edges between structural minima and
maxima, wrinkles show a continuous transition. Cassie state favours a precisely deﬁned
structure allowing for pinning at the edges and formation of air pockets. Consequently,
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on wrinkles Cassie state is repressed in favour of Wenzel wetting due to soft edges and a
low aspect ratio.
3.4 Wetting of Wrinkle Gradients
Contact angle measurements reveal unique features of wetting of wrinkle gradients. This
extraordinary behaviour already starts with droplet deposition. In order to explain this
behaviour droplet deposition on planar PDMS substrates and gradients is compared.
Figure 3.7 shows deposition of a water droplet on a planar PDMS substrate. At the
left and right three phase contact points of the droplet a contact angle of 112.8◦ forms
directly after deposition without further changes. The symmetrical droplet rests centrally
arranged underneath the canula.
0.5 mm 0.5 mm 0.5 mm
Figure 3.7: Deposition of water droplet on PDMS substrate with contact angle of 112.8◦.
In contrast, Figure 3.8 shows droplet deposition on a gradient sample. The droplet is
inﬂated above the substrate. Deposition occurs by approaching the sample surface towards
the droplet until contact is established and subsequent withdrawal of the substrate from
the canula. The droplet was deposited on the amplitude-wavelength-gradient at the edge
between shielded and unshielded area as shown in Figure 3.9. Unfortunately, it is not
possible to determine the exact wrinkle wavelength and amplitude for each droplet position
during the tensiometry measurement. Nevertheless, due to an interference eﬀect of light
at the wrinkle structure, diﬀerent wavelengths appear in diﬀerent colors and the droplet
is positioned with manual accuracy on the gradient. The initial droplet with a diameter
of 2 mm is substantially smaller than the extension of the amplitude-wavelength-gradient
(3-4 mm, see Section 2.4).
The droplet deposited on the gradient shows an oﬀset to the left with regard to the initial
position of the inﬂated droplet. The left edge is shifted by 0.6 mm, while the right egde
is shifted by 0.2 mm. This shift is accompanied by the ﬁrst contact between droplet and
surface. Additionally, the deposited drop exhibits a large contact angle diﬀerence between
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0.5 mm 0.5 mm 0.5 mm 0.5 mm
Figure 3.8: Deposition of water droplet on gradient sample with diﬀerent contact angles
on left (104.3◦) and right (90.5◦) droplet side. Dashed lines indicate central
position of inﬂated droplet.
substrate covered
area
Figure 3.9: Sketch of gradient sample with position of water droplet deposition for wetting
experiment. Arrow indicates direction of droplet motion. Orange triangles rep-
resent gradients in amplitude and wavelength, blue triangle depicts amplitude
gradient. Triangle width correlates with gradient steepness.
left (104.3◦) and right (90.5◦) side. As both eﬀects are not observed for planar PDMS and
uniform wrinkle substrates, they are induced by the structural gradient in the contact
area of drop and sample.
After deposition the droplet starts to move along the direction of the gradient perpendic-
ular to the wrinkle direction. Figure 3.10 shows drop motion up to 44 s after deposition.
Upon deposition the drop starts to move to the left without further external agitation.
Droplet motion is directed from large wrinkle dimensions towards smaller dimensions.
Contact angles on small wrinkles are slightly decreased compared to larger wrinkles. Con-
sequently, the drop moves towards more hydrophilic areas of the surface.
Initially, contact angles of the drop are 104.3◦ (left) and 90.5◦ (right). During movement
(until 44 s after deposition) the contact angles gradually decrease to 89.7◦ (left) and 87.0◦
(right). Contact angle diﬀerence is reduced from almost 14◦ to 2.7◦. Increased surface
wetting and a reduced contact angle diﬀerence may be the driving forces for droplet
movement resulting in an equilibrium state of the droplet with almost balanced contact
angles.
Movement is governed by slip-stick behaviour. On the left side the drop pins to wrinkle
maxima. Those energy barriers are gradually overcome during the motion leading to a
lowering of the contact angle on this side. The right droplet side behaves diﬀerently. No
pinning is observed. In contrast, the drop edge moves continuously over the substrate.
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Figure 3.10: Motion of water droplet on gradient sample. Black dashed lines indicate
position of inﬂated droplet, while red dashed lines indicate the initial position
of the droplet on the substrate.
Reduction of drop height during movement may be due to evaporation of water although
this eﬀect should be negligible at room temperture and for the limited measurement time.
Another contribution may be droplet extension along the wrinkle grooves.
From individual images of Figure 3.10 drop velocity is calculated from the distance of
the droplet edges to the initial deposition position at a certain time of measurement.
In Figure 3.11 distances, velocities and contact angles are plotted for both egdes of the
droplet versus time.
For both drop edges highest velocity is found directly after deposition. Drop motion on
the left edge is signiﬁcantly higher than on the right edge. Velocity decreases drastically in
the ﬁrst three seconds and levels out in the remaining measurement time until equilibrium
contact angle is reached. The distance plot illustrates that the left droplet edge covers
twice the distance than the right edge. Higher velocity at the left edge correlates with
the increased contact angle on this side and supports the theory of balancing of contact
angles as driving force for droplet motion.
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Figure 3.11: Velocity (top), covered distance (middle) and change in contact angle (bot-
tom) with time of droplet movement on wrinkle gradient.
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In addition to drop deposition on wavelength-amplitude-gradients proceeding perpendic-
ular to wrinkle direction, drops were also deposited on the central amplitude-gradient of
the sample. This gradient proceeds along the wrinkle direction. In this case the droplet
rests steadily on the sample. Neither motion parallel nor perpendicular with respect to
the wrinkle direction is observed. Furthermore, upon deposition, the drop sits directly un-
derneath the canula without an oﬀset to either side. This result indicates that wavelength
changes in the gradient play a major role in the origin of drop motion.
In literature,57,99,100,104,105 droplet motion is induced using chemical, thermal or microtex-
tured gradient surfaces. The net force exerted on liquid droplets on gradient surfaces and
the measurable contact angle diﬀerence results from an imbalance of interfacial energies on
either side of the drop. Drop movement is directed from high to low interfacial energy.106
For surfaces with wrinkle gradients, dimension variations should lead to local variations in
surface area. Those variations presumably inﬂuence wetting properties of small droplets
as the contact area between drop base and substrate depends on position. Consequently,
balance of interfacial energies is diﬀerent for opposite droplet egdes. In many cases, forces
acting on the drop are not suﬃcient to overcome contact line pinning. Even though this is
not the case for the investigated samples, one can overcome this problem by introducing
additional energy to the sample by vibrating sample and droplet.107,108
3.5 Summary
Wetting of wrinkles was investigated regarding hydrophobic recovery and classiﬁed accord-
ing to Cassie and Wenzel model with the help of contact angle measurements.
Contact angle measurements prove that unstructured, plasma-treated PDMS substrates
regain their initial hydrophobicity 49 days after plasma treatment. This eﬀect is due to
migration of in-situ generated low-molecular-weight species towards the substrate surface.
The oxide layer generated by the plasma treatment acts as barrier and decelerates or
inhibits hydrophobic recovery with increasing layer thickness.
Wetting of wrinkles diﬀers from wetting of planar substrates as the surface structure in-
creases hydrophobicity leading to higher contact angles. Due to slip-stick behaviour of
droplets on nanostructured samples contact angles and their degree of scattering depend
on measurement direction. Droplets extend easily along the grooves, while pinning occurs
for extension perpendicular to the groove direction. The Wenzel model describes the wet-
ting behaviour of wrinkle substrates accurately. The deposited water droplet completely
wets the surface without enclosure of air pockets. This may be due to smooth transition
from structural maxima to minima and low aspect ratio of wrinkle structures.
Gradient wrinkles induce movement of liquid drops. An imbalance of interfacial energies
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for opposite drop edges results in a contact angle diﬀerence and a force acting on the
droplet. Droplet motion is selﬂimiting and stops if both contact angles reach similar
values. Motion is directed towards smaller wrinkle structures combined with smaller
contact angles. Important feature of the gradient is the changing wrinkle wavelength as the
eﬀect was observed on wavelength-amplitude-gradients but not on amplitude-gradients.
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4 Assembly and Printing of
Bioparticles using Wrinkles3
4.1 Introduction
This chapter focuses on approaches for structuring and modifying surfaces with biomol-
ecules. The assembly of bionanoparticles using wrinkles is addressed as well as various
printing processes including micro contact printing and intaglio printing. Together with an
introduction to further patterning methods this chapter summarizes developments of soft
lithography regarding biomaterials. Previous assembly and printing61,69 of the tobacco
mosaic virus (TMV), a rigid and rodlike bioparticle, is compared to assembly and printing
of ﬂexible potato virus X (PVX). Besides, micro contact printing of hydrophobin a cystein-
rich protein expressed by ﬁlamentous fungi is studied.
Assembly of Bionanoparticles on Wrinkles
Regarding the assembly of bionanoparticles on wrinkles the focus lies on assembly of TMV
as performed by Horn et al .61 TMV111120 is a rodlike virus of 300 nm length and 18 nm
diameter. The viruses inner channel of 4 nm diameter is surrounded by a coat protein
self-assembled into a helical structure. Inner and outer surface of the protein present
charged amino acid residues, such as glutamate, aspartate, arginine and lysine.121 The
assembly conditions of TMV in wrinkle grooves by a spin coating process was optimized.
Parameters like virus concentration and spin coating speed were scanned to obtain statistic
data on the quality of virus assembly. Discontinuous dewetting during spin coating leads
to selective assembly of TMV in wrinkle grooves. Carefully tuning the wrinkle wavelength
predetermines the distance of the virus strings after assembly.
Horn et al.61 extract virus occupancy Ω and virus deviator Φ parameters for assembly
at varying concentration and spin coating speed. While the ﬁrst parameter deﬁnes the
number of particles adsorbed in the grooves, the second parameter provides information
3Parts of this chapter were published in references.61,69,109 This chapter hence contains material (text
and ﬁgures) published therein. Amongst others, this chapter describes experiments conducted in the
course of a bachelor thesis.110
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about the number of viruses adsorbed outside the grooves compared to the total virus
number. Optimal assembly conditions were determined for a concentration of 0.9 mg/ml
at 3000 rotations per minute, as 90% of the wrinkles are ﬁlled and a minimum number of
viruses adsorbed outside the grooves.
Proper virus assembly is driven by dewetting of an initially continuous water ﬁlm present
on the substrate. Spin coating speed regulates the thickness of the water ﬁlm and con-
sequently the quality of the virus assembly. Dewetting of the water ﬁlm starts on the
wrinkle maxima and locally raises virus concentration in the grooves with subsequent ar-
rangement. If the thickness of the water ﬁlm is lower than the wrinkle amplitude, hole
formation occurs all over the ﬁlm. As a results, TMV directly sticks to the wrinkle
surface without alignment in the grooves. Due to instability of PDMS towards organic
solvents, TMV patterns are transferred onto planar substrates for further modiﬁcations.
The corresponding printing process and further soft lithographic patterning techniques
are described in the next section.
Soft Lithography for Protein Patterning
Besides assembly of bionanoparticles on wrinkles, elastomeric templates serve as stamps
in various protein patterning processes. From the diversity of soft lithography122,123 ap-
proaches, here the focus lies on intaglio printing (IntP)69 and diﬀerent micro contact
printing approaches (µCP).124,125
IntP diﬀers from µCP regarding the area of the stamp where from the ink is transferred.
IntP prints particles from wrinkle grooves, while µCP transfers ink located at stamp
protrusions by covalent bonds to the new substrate. Figure 4.1 depicts the diﬀerent
approaches.
substrate
stamp
ink
Figure 4.1: Schemes of intaglio printing (left) and micro contact printing (right).
IntP is deﬁned by the incision of an image into a surface holding ink. In the approach of
Horn et al.69 tobacco mosaic virus (TMV), aligned in wrinkle grooves, acts as ink. For
printing an inked stamp remains on a silicon wafer under application of slight manual
pressure. IntP results in regular virus stripes with variable line spacing (300 nm-1 µm).
Factors inﬂuencing pattern quality are prealignment of the virus (ink) on the stamp,
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hydrophilicity of stamp and planar sbstrate to ensure quantitative particle transfer and
the stamp amplitude.
An amplitude between 20 nm and 65 nm results in successful IntP. Higher amplitudes
lead to increased defect density of the pattern or no pattern forms at all. During printing,
a water ﬁlm present after spin coating acts as transfer medium for the viruses. Water
wets the channels build up between the silicon wafer and the wrinkles inducing suﬃcient
mobility of the viruses to move to the silicon surface. Beyond the amplitude limit in-
complete channel wetting leads to incomplete or no particle transfer. Additionally, one
has to ensure hydrophilicity of the silicon surface to obtain good wetting and printing.
Oxygen plasma is a fast and convenient method for hydrophilization, while addressable
reactive groups on the virus surface provide anchor points for further mineralisation and
metallisation reactions towards the production of nanowires.
Besides IntP, micro contact printing122,124 (µCP) is an approach to pattern self-assembled
monolayers of functional molecules. Conformal contact between a topographically struc-
tured elastomeric stamp and a ﬂat substrate leads to covalent binding of ink containing
surface active molecules to the ﬂat substrate. Stamp topography deﬁnes the resulting
pattern. µCP is used to pattern biomolecules, polymers and colloidal particles under
ambient conditions with mild chemical treatments.
Initially, µCP was developed for proteins on empirically chosen supports. Pattern quality
depends on surface wettability of support and stamp. Incorporation of polar and aliphatic
alkanethiols tunes the wettability126 of the self-assembled monolayer (SAM). A model
of competing attractive forces between stamp and substrate describes the results. Polar
groups on one of the surfaces increase those attractive forces and increasing hydrophobicity
of the stamp allows even patterning of proteins resistant to µCP from untreated stamps.
Usually, PDMS stamps are replicas of a photolithographically produced silicon master
with micro scale features. Instead, wrinkles are used as stamps for µCP of ﬂuorescently la-
beled macromolecules and bovine serum albumine (BSA) onto substrates coated with poly-
electrolyte.68 With wrinkles the spacing between the protein lines decreases to nanometer
scale. Moreover, costly lithographic master production and stamp casting is redundant.
Limits for stamping are for wrinkle dimensions with a critical aspect ratio A/λ of 0.11.
With reduced stamp dimensions the stamp protrusion approach each other during print-
ing. Consequently, more protrusions contact the substrate and ink from wrinkle maxima
and minima is transfered. With hydrophilized wrinkle stamps, aqueous solutions with
proteins or biological materials in general are printable.
Besides the mentioned stamps, porous stamps proved suitable for structuring dendrimers,
nanoparticles and proteins.127,128 Porous stamps are generated by phase separation micro-
molding. The method takes advantage of phase separation of block copolymers solutions
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upon contact with structured molds. Microstructured polymer replicas exhibit porosity
inﬂuenced by polymer concentration and composition. The pores with maximum size of
2 µm act as ink reservoirs enabling multiple printing cycles with constant good quality.
Alternatively, pores are also generated on PDMS stamps by modiﬁcation with polyelec-
trolyte multilayers. Basic post-treatment and crosslinking leads to porous stamps.128
Except porous stamps, Zhang et al.129 developed nanoporous silica surfaces for enhanced
µCP of proteins. Porous ﬁlms are created by spin coating a polymer silica mixture. The
porous layer is biocompatible and provides minimal protein damage. Conventional chem-
ical surface modiﬁcations interact electrostatically or covalently with adsorbed proteins.
Porous surfaces lead to more complete protein transfer compared to chemically modiﬁed
surfaces. If protein function is retained after immobilization, porous silica is applied as
patterned immunoassay.
Further development of µCP is reactive µCP, where chemical reactions are induced upon
printing ink onto a substrate.130 The reaction takes place even if reactions partners are
unreactive under standard conditions. As bimolecular reactions should beneﬁt from
nanoscale conﬁnement of concentrated reagents in the contact area of stamp and sub-
strate, µCP should accelerate surface reactions. µCP follows many rules of click chem-
istry, like near-quantitative yield, mild conditions and short reaction times for reactions
like condensations, cycloadditions, nucleophilic substitutions and deprotections. Besides
the concentration eﬀect from nanoscale conﬁnement, reacting groups are constrained and
aligned by the preorganisation eﬀect leading to faster reactions. Additionally, reactions
beneﬁt from the pressure eﬀect during conformal contact of stamp and substrate and mi-
cropolarity of the contact area.131 Reactive µCP is applied in biosensor developments.130
An expansion of µCP, which is carried out in dry state, to selectively transfer proteins from
solution onto solid surfaces is aﬃnity micro contact printing125 (αCP). Therefore, probe
proteins are immobilized on a stamp to capture target proteins from solution. A protein
complex forms of the stamp surface. Then the stamp contacts the substrate leading
to three scenarios after stamp removal: Depending on the interaction strength between
protein complex and support, protein complex and stamp as well as target protein and
probe protein, either the target protein or the protein complex is transferred or no transfer
takes place. Indispensable control of protein-surface interaction is gained by silanization
of the PDMS stamps and UV treatment of the substrate.
Assembly of Bioparticles on µCP Surface Patterns
In literature, assembly of bioparticles on surface patterns generated by µCP plays an
important role. The two following examples cover biochemical assay and medical device
applications.
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For biochemical assays, during preparation protein function and steric accessibility should
be preserved. µCP may lead to protein denaturation upon adsorption and drying on
hydrophobic PDMS stamps.132,133 In order to overcome this problem Martinez et al.134
developed a cassette with three tags assembled on patterns of modiﬁed streptavidin. The
tags are useful for ﬂuorescence labeling or surface immobilization of proteins expressed in
the cassette. The device is suitable for immunostaining and demonstrates the versatility
of the tags for high resolution patterning.
For development of medical devices it is important to understand the mechanisms of
blood platelet adhesion and activation on synthetic materials. Platelets, activated by in-
teractions between protein agonists and membrane receptors, form clots leading to device
complications or failure. For that, a ﬁbrinogen pattern was designed on reactive substrates
by µCP.135 Size and extension of the ﬁbrinogen islands control overall platelet adhesion
and activation. Furthermore, platelet morphology is inﬂuenced by the underlying pattern.
The described technique can be applied to other physiologically relevant protein models
providing crucial information for medical device design.
4.2 Assembly of Rigid and Flexible Bioparticles: TMV
and PVX
This section focuses on the diﬀerences in the assembly of ﬂexible and rigid bioparticles,
namely PVX and TMV. While TMV was already introduced above (see Section 4.1), this
is made up for PVX at this point.
PVX136139 (Potato Virus X) is a cylinder-shaped virus with 515 nm length and 13 nm
diameter of the Potexvirus group.140 The virus ribonucleic acid is located in the inner
channel as it is for TMV. The virus is ﬂexible and consists of 1270 identical coat proteins
each build up from 237 amino acids. Many characteristics, like the crystal structure of
PVX and the amino acids presented on the virus surface are still unknown and subject
to current research. Also, PVX is a potential platform for biomedical applications.141
Naturally, PVX hosts members of the Solanacea family (nightshade), but by mechanical
inoculation Nicotiana benthamiana plants (tobacco plants) produce milligram quantities
of virus from 1 g leaf material. Assembly of the ﬂexible virus along or in wrinkle grooves
may provide an ordered pattern necessary for crystallographic analysis. Besides, ﬂexibility
as additionally parameter in assembly of cylindrical particles is studied.
Figure 4.2 depicts AFM height and phase as well as SEM images of TMV and PVX
spincoated onto a planar PDMS substrate. Images A-C show TMV at diﬀerent magniﬁca-
tions. The particles vary in length due to the assembly of the virus from individual coat
proteins and the virus RNA. Isolated coat protein aggregates in diﬀerent polymorphic
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forms playing the role of intermediates in assembly of the helical aggregate.117 AFM and
SEM images also show the rigidity of the particles, no bending or entangling of individual
particles is observed. Also for PVX (D-F) an inhomogeneous length distribution with
smaller particle fragments is found. Additionally, the AFM images show the ﬂexibility of
the particles (see loop in inset E and curved particles in D and F).
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Figure 4.2: AFM height and SEM images of TMV (0.9 mg/ml, water; A, B: ∆z=40 nm;
C) and AFM height (D, E: ∆z=20 nm) and phase (F: ∆z=70◦) images of
PVX (0.6 mg/ml, water) spincoated onto planar PDMS.
Subsequently, both viruses were assembled on wrinkle grooves. For TMV assembly param-
eters were taken from a previous publication.61 At the given conditions TMV assembles
exclusively in the wrinkle grooves, see AFM height and phase image in Figure 4.3 A, B.
Depending on the wrinkle wavelength one or more viruses are aligned parallel to each
other.
Assembly parameters of TMV were transferred to PVX, as shown in Figure 4.3 C and D.
However, PVX attaches randomly to wrinkle substrates and shows no preference towards
alignment in the grooves. The behaviour of PVX is independent of spin coating speed,
concentration of the bioparticle solution and pH value. pH was varied between 4 and
11 to induce charges on functional groups possibly present at the virus surface. The
isoelectric point of PVX is at pH=4.4.141 Additionally, it is assumed that the N-terminal
part of the virus coat protein is presented on the particle surface.142 Therefore, at pH=4
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Figure 4.3: AFM height and phase images of TMV (A, B: ∆z=80 nm, 50◦) and PVX (C, D:
∆z=40 nm, 15◦) assembled on wrinkles with 300 nm and 330 nm wavelength
by spin coating (3000 rpm, 0.9 mg/ml, water).
the particle surface should exhibit positively charged amine groups, while at high pH
the surface should be negatively charged. By positive or negative charges the degree of
interaction between particle and wrinkle substrate is controlled. Nevertheless, charging
the virus surface does not improve the alignment. Another approach is the assembly of
PVX on wrinkles by drying the particle solution on the substrate. This leads to results
similar to those presented in Figure 4.3 C and D.
Horn et al.61 propose an assembly mechanism for TMV driven by dewetting of a water
ﬁlm present after spin coating. This mechanism fails for the ﬂexible PVX. Presumably,
the ﬂexible virus adheres to the wrinkle surface upon ﬁrst contact and further assembly
is independent of the dewetting process of the water ﬁlm. Adhesion of PVX to the
substrate may be due to interactions of certain functional surface groups, which are not
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characterized in detail up to now. Also, ﬂexibility of PVX in contrast to rigid TMV may
negatively inﬂuence the assembly in wrinkle grooves. Consequently, the method for linear
assembly of PVX has to provide suﬃcient spatial restrictions to exclude the ﬂexibility
factor and improve assembly quality.
For TMV a printing process was established for particle transfer from nanostructured
substrates onto planar silicon wafers.69 Figure 4.4 shows reproduced results. By IntP
large-scale TMV line patterns are generated. Line distance is tunable by the initial wrinkle
wavelength, here λ=350 nm. The AFM images show elevations protruding perpendicular
to the TMV lines, which were assigned to low-molecular PDMS residues from the areas
of former cracks in the oxidized top layer of the wrinkles.
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Figure 4.4: AFM height images of TMV printed onto silicon wafer using wrinkles with a
wavelength of 350 nm. ∆z=70 nm (A), 100 nm (B).
Due to failed assembly of PVX on wrinkle substrates, the IntP process applied to TMV
is not transferable to PVX. Therefore, PVX was aligned by a moulding approach. By
placing the wrinkle stamp on top of a silicon wafer wetted with PVX solution discrete
channels between wrinkles and planar substrates form. Particle movement is conﬁned
to space inside the channels. Upon drying particles align along the channels forming a
stable pattern after removal of the wrinkles. Figure 4.5 shows the results of PVX moulding
experiments.
SEM images at varying magniﬁcation (see Figure 4.5 A, C) show PVX aligned on silicon
wafers. Regularity of the pattern is high over a large area. Although, Figure 4.5 C reveals
PDMS residues in some areas of the sample. Due to chemical similarity of oxidized PDMS
and the oxide layer on the silicon wafer covalent bonds between wrinkles and substrate
may form. Slight pressure applied during positioning of the wrinkle mould and the drying
process may facilitate irreversible bonding. Consequently, upon mould removal PDMS
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Figure 4.5: SEM (A, C) and AFM (B, ∆z=50 nm) images of PVX (0.9 mg/ml, water)
moulded onto silicon wafers with wrinkles of 350 nm wavelength after 3 h of
drying. The cross section (D, marked in the AFM height image with a white
line) shows average distance of 320 nm between individual virus lines.
sticks to the silicon wafer. Additionally, the cross section obtained from an AFM height
image (see Figure 4.5 B, D) shows good agreement between the distance of individual
PVX lines and the wavelength of the wrinkle stamp.
Moulding is a suitable method for alignment of PVX bionanoparticles, while alignment
in wrinkles and subsequent IntP yield striped patterns of TMV. In general, alignment of
bionanoparticles may be suitable for the fabrication of nanowires. Addressable, functional
groups on the outer surface of the viruses facilitate metallization with gold or other noble
metalls.143146 Possible applications of those structures are for electrodes in microbatter-
ies.147,148
4.3 Micro Contact Printing of Hydrophobin
This section deals with application of wrinkles as stamps for µCP of hydrophobin, a
cystein-rich protein as representative for spherical bionanoparticles.
Hydrophobins are globular, amphiphilic proteins expressed by ﬁlamentous fungi149,150
for interfacial interactions, adhesion to surfaces, coating formation and contribution to
surface hydrophobicity. Hydrophobins are divided in two classes with diﬀerent assembly
behaviour:151,152 while class I hydrophobins form membranes or aggregates resistant even
to treatment with triﬂuoroacetic acid and interact with hydrophobic interfaces, ﬁlms from
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class II hydrophobins are easily disrupted by surfactants or solvent mixtures.153 On the
protein level hydrophobins share low sequence similarity,154 but one clearly distinguishing
feature in their primary sequence: eight cystein residues in a characteristic pattern.
Hydrophobins are used as multifunctional coatings155 for drug nanoparticles,156 for elec-
trode modiﬁcations157 or build-up of functional hydroxyapatite capsules158,159 for biomed-
ical applications. Additionally, hydrophobins have potential for use as surfactants and
emulsiﬁers for food processing.153
Due to the well-studied behaviour at interfaces,152,160,161 hydrophobin (class I) was se-
lected as model protein for demonstration of wrinkles as stamps in micro contact printing
processes. Figure 4.6 shows AFM phase images of hydrophobin patterns with increasing
stripe distance.
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Figure 4.6: AFM phase images of striped hydrophobin patterns generated by µCP using
wrinkles as stamps with increasing wavelengths (A: 400±10 nm; B: 524±12
nm; C: 780±34 nm; D: 800±21 nm; E: 930±15 nm;). For each pattern stripe
distance is denoted in the images. ∆z=15◦.
For the smallest wavelength of the wrinkle stamp (λ=400 nm) no stripe pattern is obtained.
Instead, protein aggregates are distributed randomly on the surface. The distance between
individual wrinkle maxima is too small to ensure proper pattern transfer. For larger
wavelengths (Figure 4.6 B-E) striped protein patterns are generated. Hydrophobin and
silicon substrate are distinguished by phase contrast, with silicon corresponding to the
light stripes due to its hardness and hydrophobin making up the darker stripes. The
distance between the individual stripes is determined by the wrinkle wavelength of the
used stamp. Stripe distance is tuned between 510 nm and 855 nm. Exact wavelengths of
wrinkle stamps were not determined. Nevertheless, stripe distances are in good agreement
with standard wrinkle dimensions (denoted in caption of Figure 4.6).
Height of the protein stripes was determined from AFM height images (not shown) to
0.6-0.8 nm. Literature162 reports formation of tetrameric assemblages in solution with a
radius of gyration of 2.4 nm. Considering a reduction in size upon drying on the wrinkle
stamp, the height of the hydrophobin stripes is reasonable.
As the approach undertaken here is similar to the one of Pretzl et al.,68 it is not surprising
that a critical wavelength is found. Hydrophobin patterns are observed for wavelengths
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exceeding 500 nm. In literature68 a critical wavelength of 355 nm was observed. However,
µCP was performed with a ﬂuorescently labelled polyelectrolyte and bovine serum albu-
mine (BSA) leading to stripes with 8 nm height. The increase of the critical wavelength
for hydrophobin patterns may be owed to the reduced pattern height (≈0.8 nm) and the
corresponding sensitivity during protein transfer.
The stamped hydrophobin patterns could be used to control crystallization of hydroxyap-
atite in two dimensions besides previously performed mineralization of an emulsion-based
template.159
4.4 Summary
In conclusion, this chapter deals with the assembly of various bionanoparticles using
wrinkled substrates. Wrinkles take over diﬀerent functions in the assembly process.
They can be used as templates to guide the alignment of a rigid, rodlike virus (TMV)
in a spin coating process. The quality of the particle assembly in the wrinkle grooves is
controlled by the concentration of the virus solution and the spin coating speed. In a
second step, TMV lines are transferred onto planar substrates by IntP. Then, wrinkles
serve as stamp and their wavelength determines the distance of the resulting virus lines.
Due to the ﬂexibility of PVX, also a rodlike virus, the adapted assembly approach for
TMV fails. However, PVX is aligned on planar substrates by moulding. Here, wrinkles
serve as mould and result in PVX strands conﬁned in channels between mould and planar
substrate.
Finally, wrinkles were also used as stamps for µCP of hydrophobin, a globular protein.
With this technique hydrophobin patterns were obtained with tunable stripe distance.
Above a critical wrinkle wavelength of 500 nm and up to 850 nm µCP is successful.
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5 Isotropic Particles: Microgels &
Wrinkles4
5.1 Introduction
Microgels are a special class of colloids attracting signiﬁcant scientiﬁc interest of chemists,
physicists and biologists. The colloids are relevant for applications in drug delivery,165
emulsion stabilization,166 surface coatings167 and photonic crystals.168,169
Per deﬁnition, microgels are intermolecularly crosslinked macromolecules with colloidal
dimensions composed of a large variety of monomers allowing precise control of their
properties. Poly-N -isopropylacrylamide microgels170 are the most famous and well in-
vestigated representatives. Microgel particles exhibit sponge-like swelling behaviour, as
their network can take up more than 90% of an appropriate solvent. Swelling depends
on microgel composition and is controlled by factors like temperature,171 pH value172 or
ionic strength.173
Figure 5.1 schematically shows the volume phase transition of a microgel particle triggered
by external stimuli. For poly-N -isopropylacrylamide (pNIPAAm) microgels the volume
phase transition is connected to the lower critial solution temperature (LCST).167 At room
temperature water acts as good solvent by hydrogen bonding with amide groups of the
microgel. Heating the water above LCST disrupts the hydrogen bonding. Consequently,
the quality of water as solvent decreases and the microgel particles collapse. Inter- and
intra-polymer hydrogen bonding becomes dominant above LCST.167
Microgels from ionic monomers such as acrylic acid or vinyl pyridine174 undergo volume
transitions in response to changes in pH and ionic strength. (De-)swelling behavior orig-
inates from electrostatic interactions. Microgels containing acrylic acid increase their
volume drastically at pH=4.5 upon deprotonation of carboxylic acids and repulsion of
negatively charged residues. Further increase of ionic strength of the medium leads to
a decrease of the microgel size as introduction of an inert electrolyte screens repulsive
interactions.
4Parts of this chapter were published in reference.17,163 This chapter hence contains material (text
and ﬁgures) published therein. Amongst others, this chapter describes experiments conducted in the
course of a diploma thesis.164
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Figure 5.1: Scheme of microgel undergoing phase transition triggered by external stimuli.
Four methods167 are used for microgel synthesis: emulsion polymerization, anionic copoly-
merization, cross-linking of polymer chains and inverse micro-emulsion polymerization. As
emulsion polymerization is widely used, it is brieﬂy described here.170 The polymerization
is carried out in water at 70 ◦C. Thermal decomposition of a persulfate initiator generates
free radicals to start the reaction. The produced charged oligomers are surface active and
stabilize growing particles during polymerization. When the oligomer length exceeds the
solubility limit of the solvent they form nuclei and undergo aggregation until electrostatic
stabilization is acchieved. Further particle growth is ensured by absorption of monomer
and oligomeric chains. Polymerization within particles continues until termination by
another radical species entering the growing particle. Emulsion polymerization results in
narrow particle size distribution due to a short particle nucleation period. Final particle
size can be tuned by the initiator concentration.
The following literature examples provide an outline of various functions integrated to
diﬀerent microgel systems. During or after synthesis, microgel particles allow for further
modiﬁcation or functionalization.175 Additionally, hybrid microgels containing inorganic
nanoparticles176 were prepared. The hybrid particles respond to magnetic ﬁelds177 or show
catalytic activity.178 Microgels loaded with silver179182 and other metal nanoparticles182
result in reversibly alternating conductivity or create conductive circuits upon swelling
and shrinking of the designed structures. Complexation of hydrophilic microgels with
amphiphilic molecules in aqueous systems leads to formation of hydrophobic pockets.183
Responsive scavenger systems184 were created by highly eﬃcient clay incorporation.
Microgels are often used to build up novel particle architectures by development of mi-
croﬂuidic devices and processing techniques like clustering or solidiﬁcation.185,186 Beyond
anisotropy on the level of particle properties, eﬀorts aiming at the synthesis of structurally
anisotropic microgels contain complicated multistep procedures.187189 It is already known
that during self-assembly of microgels on planar surfaces, parameters like surface charge
and pH control packing density. Assembly can be driven towards single distributed col-
loids, aggregates and crystalline arrays.190193
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This chapter deals with two aspects of microgel assembly on wrinkled substrates. First,
wrinkled substrates are used for self-assembly of microgel building blocks into anisotropic
particles. Second, a one-step screening process towards optimal assembly of soft microgels
and also hard silica particles is developed utilizing gradient wrinkle surfaces.
In general, chemically194 or topographically62,195 structured surfaces eﬃciently196 guide
nanoparticle assembly197199 and especially controlled wrinkling is an eﬃcient and low cost
approach towards structured surfaces.200,201 The driving forces during particle assembly
range from electrostatic202 to capillary,203 dewetting204 and centrifugal205 forces as well as
electric ﬁelds.206 In the last years, nanostructured substrates frequently served as basis for
diﬀerent surface functionalization methods.207,208 Examples are µCP,68 IntP61,69 and re-
versible buckling209 for particle transfer. The ordered arrays of (sub)micron sized colloids
exhibit special electronic and optical features due to wave interference phenomena210 and
are applicable for functional materials in photonics,211 (bio)chemical sensors212,213 and
microelectronics.214
Concerning the ﬁrst part of the chapter, the approach for assembly of anisotropic mi-
crogel structures is summarized in Figure 5.2. After wrinkle preparation, microgels are
prealigned in substrate grooves by spin coating. Afterwards particles are transferred onto
planar substrates by a stamping process.
Figure 5.2: Scheme of approach towards anisotropic microgel structures: Spin coating of
microgel dispersion on wrinkle substrate for particle alignment in the grooves
and printing of microgel strings onto planar surfaces. This ﬁgure was adapted
from reference.163 Reproduced by permission of The Royal Society of Chem-
istry.
Aligned microgel particles can be crosslinked by a radical mechanism started by UV
irradiation and released from the substrate by washing with solvent. The approach results
in anisotropic microgels with high aspect ratio. Possible applications for thermo- and pH-
responsive anisotropic microgel particles are contracting ﬁbres in artiﬁcial muscles. A
system of individual ﬁbers should exceed established macroscopic gel structures based on
block copolymers215 due to fast unidirectional response towards external stimuli.
Regarding the second part, wrinkle gradients (see Chapter 2) are used to simplify studies
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of the inﬂuence of wrinkle dimensions (A, λ) on particle properties and their alignment.
In combinatorial experiments, particle assembly is optimized regarding the ratio of parti-
cle diameter vs. wrinkle wavelength, packing density and diﬀerences between alignment
of soft and hard colloids. Simultaneously, variations occuring during sample preparation
(temperature, concentration and humidity ﬂuctuations as well as aging of particle solu-
tion) are excluded and material consumption is reduced.
5.2 Microgel Characterization
Diﬀerent particle systems171,216 are studied in assembly experiments: N -vinylcaprolac-
tam/Acetoacetoxyethyl methacrylate (VCL/AAEM), N -vinylcaprolactam/N -isopropylac-
rylamide (VCL/NiPAAm) and N -vinylcaprolactam/N -isopropylmethacrylamide (VCL/-
NiPMAAm). The microgels diﬀer in size and mechanical properties (see Table 5.1) due
to their chemical composition and degree of crosslinking.
Table 5.1: Molecular composition, concentration, hydrodynamic radii and diameter of
aqueous microgels. This table was adapted from reference.163 Reproduced by
permission of The Royal Society of Chemistry.
Microgel Monomer ratio c Rh@25 ◦C DAFM DAFM/2Rh
mol% wt% nm nm
VCL/AAEM 90:10 1.5 208 249 0.60
VCL/NiPMAAm 83:17 1.5 312 421 0.66
VCL/NiPAAm 25:75 1.6 364 585 0.80
VCL/AAEM exhibits core-shell morphology171 with highly crosslinked, AAEM-rich core
and loosely crosslinked VCL-rich corona. Under inﬂuence of mechanical load the het-
erogeneous structure and the crosslinked core allows VCL/AAEM particles to keep their
spherical shape. Upon drying on solid substrates the microgels behave similar to hard
spheres.
In contrast, VCL/NiPAAm and VCL/NiPMAAm exhibit a statistical distribution of both
monomers in the network leading to higher ﬂexibility. The deformability of the microgel
particles is tuned by the VCL content. The bulky seven-membered ring of VCL inﬂuences
the microgel properties.167,192 Conformational restrictions of a high VCL content of the
microgel lead to reduced deformability. Indentation measurements217 on similar microgels
in collapsed state revealed an estimated Young's modulus of 600 kPa. Substrate deforma-
tion prior to microgel deformation is excluded for the realized experiments as the Young's
moduli of PDMS and silicon are 1.4 MPa46 and 130-188 GPa,218 respectively.
In order to understand microgel assembly on wrinkled substrates under lateral conﬁne-
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ment, their behaviour on planar substrates was studied. Figure 5.3 shows AFM height
images (A-C) and cross sections (D) of the diﬀerent microgels spincoated onto planar
silicon wafers.
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Figure 5.3: AFM height images of VCL/AAEM (A), VCL/NiPMAAm (B) and
VCL/NiPAAm (C) microgels spincoated on silicon wafers with insets at higher
magniﬁcations. ∆z: A=350 nm, B=100 nm, C=150 nm. Representative parti-
cle cross sections (D) are marked in the AFM images. This ﬁgure was adapted
from reference.163 Reproduced by permission of The Royal Society of Chem-
istry.
The monodispersity of the particles as well as their dimensions are visible in the AFM
images. Cross sections reveal diﬀerent shapes for the particles adsorbed on silicon sur-
faces. VCL/AAEM microgels exhibit a deﬁned hemispherical form with distinct edges,
while VCL/NiPAAm and VCL/NiPMAAm particles tend to ﬂatten out upon adsorption
on silicon substrates. This leads to the assumption that VCL/AAEM microgels have less
aﬃnity towards the silicon wafer than VCL/NiPAAm and VCL/NiPMAAm. By extract-
ing particle diameters from AFM images and comparing them with microgel dimensions
in solution, microgel ﬂexibility is assessed. According to Kersey et al.219 DAFM/2Rh
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(see Table 5.1) was calculated to correlate spreading behaviour on planar substrates to
dimension of the swollen microgels.
The size of VCL/NiPAAm in dry state is 80% of the size in solution, i. e. the mi-
crogel is heavily deformed upon drying. This microgel should be more ﬂexible than
VCL/NiPMAAm, which, after drying, reaches 66% of the size in solution. Consequently,
VCL/AAEM is least ﬂexible as it reaches only 60% of its original size in dried state.
In general, with decreasing VCL content from 90% to 25% particle ﬂexibility increases.
Steric hindrance of the lactam-monomer only allows few chain conformations leading to a
rigid network and distinct microgel shape. NiPAAm, main component of VCL/NiPAAm,
has a smaller side group introducing higher chain mobility in the network. This ﬂexibility
and the tendency to wet silicon leads to particle spreading into a pancake-like shape.
The RH-temperature-curve (see Figure 5.4) shows that the microgels are swollen at room
temperature. Further experiments were carried out under these conditions.
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Figure 5.4: RH-temperature dependence for VCL/AAEM, VCL/NiPAAm and
VCL/NiPMAAm microgels.216 This ﬁgure was adapted from reference.163
Reproduced by permission of The Royal Society of Chemistry.
5.3 Microgel Assembly on Wrinkles and Gradients
Assembly of diﬀerent microgels on wrinkled and gradient substrates was achieved by spin
coating. For determination of optimum assembly conditions gradients were used for one-
step screenings. Gradient dimensions of the gradients range from 300-900 nm for λ and
62
5.3 Microgel Assembly on Wrinkles and Gradients
7-230 nm for A. In comparison to ﬂexible microgel particles, assembly of silica particles
as representatives for hard colloids was also studied. Silica particles are commercially
available, chemically and thermally stable and compatible to the oxidized PDMS sur-
face. Assembly behaviour of hard silica particles and soft microgels is compared in terms
of particle-substrate-interaction (adhesion, adsorption) and inﬂuence of the substrate di-
mensions on coverage and particle shape. The diameter of the silica particles (400 nm) is
in the range of the VCL/AAEM microgel.
The ﬁrst system whose behaviour on wrinkles was studied is VCL/AAEM. Figure 5.5
shows AFM height images and cross sections of the microgel on a gradient substrate at
diﬀerent λ.
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Figure 5.5: AFM height images and cross sections of VCL/AAEM microgel on wrinkle
gradient at λ of 800 nm (a), 560 nm (b) and 260 nm (c). ∆z: 175 nm.
Arrows mark the microgel position in the cross sections. Inset shows cross
section along wrinkle direction. This ﬁgure was adapted from reference.17
Reproduced by permission of The Royal Society of Chemistry.
At λ=800 nm (see Figure 5.5 a) VCL/AAEM particles fully immerse into the struc-
ture and form continuous pearl-necklace-like lines. For such large wrinkle dimensions,
a dewetting process61 starts on top of the wrinkles guiding the particles into grooves.
Consequently, the microgels are fully taken up by the structure (see also cross section).
Strong particle-substrate-interactions lead to high coverage. Optimal assembly occurs for
λ=4Rh=2∅particle. Cross sections parallel and perpendicular to the wrinkle direction illus-
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trate the assembly. The parallel cross section shows direct contact of individual particles
with their neighbors, although the networks do not interpenetrate due to their rigidity.
Besides the cracks, where bigger clusters form, the width of the strings is one particle.
If λ is reduced to 560 nm (see Figure 5.5 b) and 260 nm (see Figure 5.5 c) the number
of defects increases and the microgel strings break up. The particles start to protrude
from the structure and ﬁnally are completely displaced so that assembly takes place on
top of the wrinkles. Thereby, contact between substrate and particle is reduced. For the
smallest λ particles even contact each other sideways. Increased defect density and lower
coverage for small λ are attributed to reduced particle substrate interaction.
In general, rigid microgels are shape-persistent during assembly independent of underlying
substrate dimensions.
In some areas (λ ≈ 780 nm) of the VCL/AAEM sample zigzag patterns were observed.
Figure 5.6 depicts an AFM height image and magniﬁcation of the pattern.
5 µm
2 µm
Figure 5.6: AFM height image with magniﬁcation of VCL/AAEM particles in zigzag pat-
tern. ∆z: 150 nm. This ﬁgure was adapted from reference.163 Reproduced by
permission of The Royal Society of Chemistry.
The particle diameter measured from the AFM image is ≈200 nm in contrast to the typical
value of 249 nm (DAFM). Particles protrude from the structure by probably forming bi-
or multilayers. This may be due to local concentration ﬂuctuations during spin coating.
The large number of particles increases the packing density. Another explanation for the
zigzag pattern may be the size distribution of the microgels. A fraction of slightly smaller
colloids preferably builds up the alternative pattern. The pattern is almost defect-free,
only in cracks it is interrupted. Cracks may be deﬁned as predetermined breaking points
incorporated in the microgel lines.
In literature, zigzag chains of gold nanoparticles were assembled on lithographically pro-
duced trench templates via dip coating.214,220 For those hard, inorganic colloids zigzag-
patterns form if the trench width is between one and two times the particle diameter. For
the microgel system, zigzag patterns form if the λ is four times the particle diameter.
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For comparison, hard silica particles with 400 nm diameter were also assembled on wrin-
kle gradients by spin coating. The particle diameter (400 nm) is in the range of the
VCL/AAEM diameter (2RH=416 nm). In Figure 5.7 AFM height images at diﬀerent
wavelengths and cross sections are summarized.
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Figure 5.7: AFM height images and cross sections of silica particles (c=4 wt%, Ø=400 nm)
assembled on 450 s wrinkle gradient. Red bars in cross sectios indicate to which
extent the particles protrude from the wrinkles. ∆z: a-c=600 nm, d=400 nm.
This ﬁgure was adapted from reference.17 Reproduced by permission of The
Royal Society of Chemistry.
If the wrinkle wavelength is smaller than the particle diameter, particles assemble ran-
domly on the substrate (see Figure 5.7 a). For λ in the range of the particle diameter,
particles start to assemble in the grooves. Further increase of λ and A leads to immersion
of the particles into the structure. Increasing immersion can be followed by the cross
sections. For λ being twice the particle diameter, clearly separated particle strings form
(see Figure 5.7 d). No zigzag structures are observed for hard silica particles assembled
on wrinkles. Coverage on the silica sample is low, even though a concentration of 4 wt%
was chosen. Similar results were reported by Xia et al.95,221 They deposited silica par-
ticles on lithographically fabricated substrates. Spin coating speed, solution pH value
and pattern geometry inﬂuence the deposition quality. Also defect density increases for
the grooves becoming more narrow. Narrow grooves lead to particle dislocation as phys-
ical conﬁnement by groove sidewalls is small compared to centripetal forces during spin
coating. Ideal assembly is obtained for the particle size matching λ (λ=2∅particle). The
assembly experiments lead to the conclusion that rigid VCL/AAEM microgel particles
behave similar to hard silica particles.
Figure 5.8 summarizes assembly results for a ﬂexible microgel. For VCL/NiPAAm the
65
5 Isotropic Particles: Microgels & Wrinkles
particle shape depends on the dimensions of the underlying substrate. The AFM height
image for λ=500-800 nm (see Figure 5.8 a) and the corresponding insets at higher magni-
ﬁcation (λ=780, 630, 530 nm) show particles randomly attaching to the wrinkled surface
for high wavelengths. Reducing λ to 630 nm (green inset) the particles exclusively attach
to the grooves and fully immerse.
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Figure 5.8: AFM height images of VCL/NiPAAm microgels assembled on wrinkle gradient
at diﬀerent λ. Colored frames mark the insets at higher magniﬁcation. The
cross section depicts the particle morphology in the area of the blue inset with
dotted line showing the expected wrinkle surface underneath the particle. ∆z:
200 nm. This ﬁgure was adapted from reference.17 Reproduced by permission
of The Royal Society of Chemistry.
Additionally, the microgels tend to stick to the wrinkle ”walls”. This eﬀect was not ob-
served for the rigid VCL/AAEM microgel and is owed to the higher deformability and
interaction of VCL/NiPAAm with the substrate. Further wavelength reduction increases
the defect density and results in a checkerboard-like pattern (blue inset). The corre-
sponding cross section reveals a central indentation of the assembled microgel noted as
change in particle morphology. This illustrates pronounced particle deformability and
strong particle-substrate-interactions. The ﬂexible microgel network and polarity of the
NiPAAm unit enhances interactions between particle and wrinkle structure. Good assem-
bly for VCL/NiPAAm is found for 700 nm> λ >420 nm. At λ=420 nm (see Figure 5.8 b)
the substrate is covered poorly with particles. However, still slight particle deformation
into ellipsoids occurs by attachment to the wrinkle walls. For λ=340 nm the particles are
deposited in as spheres lacking sideways interaction with the wrinkles (see Figure 5.8 c).
As assembly of silica particles with a diameter of 700 nm comparable to VCL/NiPAAm
particles (2RH=728 nm) produced results similar to Figure 5.7, the images are not shown
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here. Nevertheless, assembly of ﬂexible microgels diﬀers signiﬁcantly from assembly of
hard colloids. If dimensions of ﬂexible particles and wrinkles mismatch, microgels attach
to minima and maxima of the structure. The adsorption is nondirectional. As the particles
deform upon assembly, correlating λ and Rh as for hard colloids or less ﬂexible microgels is
a complex problem. Assembly is satisfactory for λ < 2Rh, particularly for λ=530-630 nm,
optimal alignment conditions are estimated for λ ≈ DAFM ≈ 0.8∅particle.
Finally, VCL/NiPMAAm with a ﬂexibility ranging between VCL/AAEM and VCL/-
NiPAAm was assembled on wrinkle gradients. Figure 5.9 depicts AFM height images
and cross sections of the assembly at diﬀerent wavelengths uniting features of rigid
VCL/AAEM and ﬂexible VCL/NiPAAm.
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Figure 5.9: AFM height images and cross sections of VCL/NiPMAAm microgel on wrin-
kle gradient at λ of 850 nm (a), 510 nm (b) and 280 nm (c). Inset shows
cross section along wrinkle direction. (d): Higher magniﬁcatio of microgel at
λ=280 nm with cross section showing indentation/ﬂexibility of microgel. Ar-
rows mark microgel position in the cross sections. ∆z: a=120 nm, b-d=60 nm.
This ﬁgure was adapted from reference.17 Reproduced by permission of The
Royal Society of Chemistry.
VCL/NiPMAAm deforms upon assembly and indentations are observed (see Figure 5.9 c
with cross section) according to the assembly behaviour of VCL/NiPAAm. Nondirectional
adsorption to minima and maxima of large wrinkle structures, observed for VCL/NiPAAm,
was not veriﬁed for VCL/NiPMAAm. Instead, the behaviour matches VCL/AAEM with
particles attaching only to the grooves and immersing into the structure with increasing
λ.
Immersion of ﬁve particles into a groove with increasing wavelength is observed in detail
at a disclination. The results are summarized in Figure 5.10. Best assembly results for
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VCL/NiPMAAm are obtained on large wrinkle structures (λ=850 nm). This value results
in λ ≈1.5∅particle.
Compared to hard colloids deformability of microgel particles adds a complex factor to
the assembly behaviour. As the inﬂuence of ﬂexibility is hardly predictable, so are opti-
mum assembly conditions regarding substrate dimensions. In a combinatorial approach
with wrinkle gradients the assembly optimization is simpliﬁed. A one-step screening of
several hundred nanometers for λ is possible under constant conditions and reveals the
appropriate assembly parameters for each particle system.
=850  nm A B
C ED
A
E
0 1 2
0
10
20
30
40
50
60
70
0 1 2
0
10
20
30
40
50
60
70
µm
H
e
ig
h
t,
 n
m
µm
H
e
ig
h
t,
 n
m
0 1 2
0
10
20
30
40
50
60
70
µm
H
e
ig
h
t,
 n
m
0 1 2
0
10
20
30
40
50
60
70
µm
H
e
ig
h
t,
 n
m
0 1 2
0
10
20
30
40
50
60
70
µm
H
e
ig
h
t,
 n
m
Figure 5.10: AFM height image of VCL/NiPMAAm microgels assembled in wrinkle defect
with gradient in wavelength. Cross sections show immersion of ﬁve particles
(a-e) into the structure. ∆z: 120 nm. This ﬁgure was adapted from refer-
ence.17 Reproduced by permission of The Royal Society of Chemistry.
5.4 Microgel Printing
In order to transfer the string-like arranged microgels from wrinkled substrates onto planar
supports a printing process is developed. This step towards anisotropic microgel parti-
cles is carried out for microgels at opposing ends of the ﬂexibility scale: VCL/AAEM as
rigid representative and VCL/NiPAAm as ﬂexible counterpart. The particle decorated
substrates are used as stamps and pressed onto a silicon wafer. For successful printing ad-
justment of the wrinkle dimensions to particle dimensions is crucial. If microgels protrude
from the wrinkles after spin coating, pressure applied during printing ensures suﬃcient
contact between particles and wafer. Immersion of the particles into the wrinkle struc-
ture prevents this contact and results in fragmentary particle transfer to the silicon wafer
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and higher defect density of the resulting pattern. A water ﬁlm, wetting planar substrate
and wrinkles, solves this problem during particle printing. Water acts as transfer medium.
Consequently, samples need to dry prior to stamp removal to prevent pattern destruction.
Figure 5.11 shows AFM height images at diﬀerent magniﬁcations and cross sections of
printed VCL/AAEM (A-D) and VCL/NiPAAm (E-H) microgel strings. Wavelengths
of the wrinkle stamps were 850 and 700 nm, respectively. For both microgels well-
ordered strings are obtained with distances of 844 nm for VCL/AAEM and 714 nm for
VCL/NiPAAm. The distances match with the wavelengths of the wrinkle stamps. AFM
images are taken at diﬀerent sample spots and indicate a good long-range order across
the macroscopic wafer and low defect density. Comparing images A-D for VCL/AAEM
with E-G for VCL/NiPAAm (see Figure 5.11) distinct diﬀerences regarding the shape
of the printed microgels are obvious. For VCL/AAEM, single microgel particles can be
identiﬁed within printed lines. The lines are either straight or made up of particles in the
above mentioned zigzag pattern. Individual particles are in close contact.
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Figure 5.11: AFM height images of VCL/AAEM (A-C) and VCL/NiPAAm (E-G) printed
on silicon wafers using wrinkles with λ=850 and 700 nm, respectively. ∆z:
250 nm. Corresponding cross sections of the particle patterns are depicted
in (D) and (H). This ﬁgure was adapted from reference.163 Reproduced by
permission of The Royal Society of Chemistry.
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Even though after spin coating of microgels onto wrinkles there are defects and incom-
plete coverage, continuous lines are obtained by printing. This may be due to the pressure
applied during printing. Conﬁnement of channels between wrinkles and planar substrate
reduces the volume accessible for the microgels and leads to particle movement. Introduc-
tion of a thin water ﬁlm wetting stamp and substrate enhances particle transfer.
VCL/AAEM microgels are suﬃciently tough to undergo printing without or with only
minor changes to their spherical shape. For the ﬂexible VCL/NiPAAm microgel the
situation is diﬀerent. It is not possible to identify single particles in printed lines. The
printed pattern appears like a precise inverse replica of the wrinkle stamp.
Due to a residual water ﬁlm which is assumed to be present on the wrinkles after spin
coating69 and the added water, the particles are probably in the swollen state. Referable
to their high ﬂexibility, VCL/NiPAAm microgels are molded together in discrete channels
between wrinkles and silicon wafer. The applied pressure drives out a major part of the
water in the gel. This is further corroborated by the particle shape found in areas of
former cracks. Absence of wrinkles removes lateral conﬁnement and leaves the particles
in their spherical shape typically observed after drying on a planar substrate (compare
Figure 5.3).
The diﬀerent behaviour of VCL/AAEM and VCL/NiPAAm correlates with the molecu-
lar composition of the microgels. The rigid VCL/AAEM is stable even under pressure
applied during printing. In contrast, VCL/NiPAAm results in continuous lines. Due to in-
ternal crosslinking of the particles, complete interpenetration of the networks is excluded.
However, VCL/NiPAAm allows a denser packing.
For sample characterization regarding long-range order and pattern regularity, GISAXS
measurements are performed. VCL/AAEM is printed with a stamp of λ=650 nm on
a scale of 2·2 cm2. The technique allows to probe a two dimensional structure on the
nanometer scale in short time over large sample areas. The 50 µm wide x-ray beam
covers the whole sample length due to grazing incidence. Figure 5.12 depicts AFM height
image of the pattern (A), scattering pattern (B) and scattering intensity as qy-cut (C).
On each side of the beam stop several maxima of scattering intensity form an interfer-
ence pattern (see Figure 5.12 B). X-rays scattered at regularly assembled microgel chains
constructively interfere to form intensity maxima. An in-plane cut through the scattering
pattern provides a diﬀractogram (see Figure 5.12 C).
Reﬂections up to the 12th order are visible and point towards a highly regular periodic
nanostructure. By d = 2pi
∆qy
the distance of the maxima is converted into a real space
value for the distance of the microgel lines. The value of d = 669± 13 nm obtained from
GISAXS is in good agreement with the spacing from the AFM images (d = 662± 22 nm).
GISAXS provides important proof of quality and regularity of the printed microgel stripes.
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Figure 5.12: AFM height images with ∆z=250 nm (A) and GISAXS pattern (B) and scat-
tering intensity qy-cut (C) of printed VCL/AAEM. This ﬁugre was adapted
from reference.163 Reproduced by permission of The Royal Society of Chem-
istry.
5.5 Microgel Strings
The ﬁnal step towards microgel strings is particle crosslinking with UV light and release
of the strings from the substrate which can be a planar or wrinkled one.
Exposure of microgel lines with UV light generates radicals at residual double bonds or
functional groups (ester- and keto-groups of AAEM and VCL) along polymer chains of the
microgel network. Radicals serve as starting points for crosslinking of individual particles
by recombination reactions at contact points and in overlap regions of interpenetrating
microgel networks. Consequently, anisotropic microgel particles - microgel strings - form.
With a suitable solvent like water or ethanol crosslinked microgel strings are released from
the template. A solvent droplet dispersed on the sample is suﬃcient for chain redispersion.
Figure 5.13 shows AFM height images of microgel chains at diﬀerent magniﬁcations and
a cross section along a chain.
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Figure 5.13: AFM height images of microgel chains and cross section along marked micro-
gel string. ∆z: 400 nm. This ﬁgure was adapted from reference.163 Repro-
duced by permission of The Royal Society of Chemistry.
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Anisotropic microgel strings are obtained with good yield (see also Figure 5.14 A). String
length varies between 2 µm and 10 µm. Although the size distribution of the crosslinked
particle strings is not controlled, cracks in the SiOx surface of the wrinkles act as prede-
termined breaking points. Besides long particle strings also short chains, consisting of
only few particles and single microgel particles are found. They form due to release of
single, unlinked particles from assembly in cracks or rupture of weak crosslinks during
particle redispersion. This notion is further supported by thin, ﬁbre-like crosslinks be-
tween particles marked with arrows in high magniﬁcation TEM images (see Figure 5.14
B, C). However, at other points along the microgel chains, particle networks interpen-
etrate forming close and stable connections. Furthermore, the microgel strings remain
ﬂexible as deduced from the curvature in the chains. Evaluation of cross sections along
the long axis of microgel strings proves the interparticle connection (see Figure 5.13 C).
Depressions between adjacent particles do not reach the zero level of the substrate as seen
at the beginning and the end of the chain.
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Figure 5.14: (A) TEM overview image of anisotropic VCL/AAEMmicrogel particle chains
generated by alignment in wrinkles followed by UV crosslinking and release
from the substrate. (B, C) Particle chains at higher magniﬁcation with arrows
highlighting interparticle links. This ﬁgure was adapted from reference.163
Reproduced by permission of The Royal Society of Chemistry.
5.6 Summary
With the help of gradient wrinkle substrates assembly of microgels was optimized regard-
ing particle-substrate interaction and coverage. Microgels with diﬀerent molecular com-
positions showed multifaceted assembly behaviour (particle shape, pattern formation)
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correlating with their ﬂexibility/deformability. Combinatorial experiments on gradient
wrinkles contribute to a better understanding of the complex, hardly predictable assem-
bly behaviour of soft colloids on structured substrates in general. Lines consisting of single
particles as well as zigzag structures were observed, depending on the substrate dimen-
sions. The ability to modify physical properties of materials by sorting and positioning
their smaller colloidal building blocks leads to possible applications of wrinkle gradients
for photonics or sensor purposes.
Large, long-range ordered microgel arrays were transferred onto planar solid substrates by
printing. With UV light the individual particles were crosslinked into anisotropic microgel
architectures and redispersed.
This work serves as proof of concept for the preparation of long microgel strings with
a straightforward template-based approach. Possible applications for the responsive an-
isotropic structures may be in the ﬁeld of actuators, for example as individual ﬁbres in
artiﬁcial muscles.
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6 Patchy Particles: Wrinkles as
Templates for Particle Synthesis5
6.1 Introduction
The focus of this chapter lies on application of wrinkles in a template-based approach for
preparation of patchy particles.
A patchy particle is characterized as patterned particle with at least one well-deﬁned patch.
Through the patch the particle experiences a strongly anisotropic and highly directional
interaction with other particles or surfaces.223 Micro- and nanosized colloids are classiﬁed
in eight basic anisotropy dimensions: branching, facetting, aspect ratio, surface coverage,
chemical ordering, roughness, pattern quantization and shape gradient.224
De Gennes' Nobel lecture225 inspired experimental attempts towards the preparation of
multi-component particles. Patchy particles with anisotropic surface chemistry are of
particular interest due to an inherent combination of properties like patch recognition
and selective assembly.223
As building blocks patchy particles are applied in various ﬁelds.226,227 Patchy particles
serve as drug delivery systems16 in cancer therapy, they act as amphiphilic component in
emulsions228,229 and function as switchable image elements in electronic displays.230
Typical methods for patchy particle synthesis include microﬂuidics,231233 colloidal assem-
bly,234 nanosphere and particle lithography,235238 glancing angle deposition,239,240 one-pot
colloidal synsthesis241 and templating.242
Among the mentioned strategies, template-based approaches provide great versatility.243,244
Liqud-liquid, liquid-solid, liquid-air and air-solid interfaces serve as templates. Patterned
solid surfaces are an additional alternative. Assembled at the interface only parts of the
initial particles are accessible for further modiﬁcations. Modiﬁcations are carried out
chemically or electroless from liquid or gas phases. Finally, template removal has to be
done without aﬀecting the particles or the patches.
The major advantages of templating compared to other preparation methods are scala-
5Parts of this chapter were published in reference.222 This chapter hence contains material (text and
ﬁgures) published therein. Experiments were conducted in collaboration with Roland Brüx.
75
6 Patchy Particles: Wrinkles as Templates for Particle Synthesis
bility and ﬂexibility. For the use of chemically or topographically structured templates
those features come along with a high degree of control and eﬃciency during particle assem-
bly.196 Additional forces (centrifugal,205 electrostatic, capillary and dewetting forces202204
and ﬁelds206 may support particle alignment.
In the presented template-based approach amine-functionalized silica particles are assem-
bled in wrinkles prior to modiﬁcation of the accessible particle surface with colloidal gold.
Lastly, SiO2NH2-Au patchy particles are released from the substrate. Figure 6.1 illustrates
the strategy.
Figure 6.1: Alignment of amine-functionalized silica particles (grey) in wrinkle grooves,
adsorption of gold nanoparticles (yellow) and release of SiO2NH2-Au particles.
Figure was adapted from reference.222 Copyright (2014) by Wiley-VCH.
The system provides strong interaction respectively adsorption between amine-functional-
ized silica particles and gold nanoparticles.245 Consequently, electrostatic interactions
between the negatively charged citrate capping of the gold nanoparticles and positively
charged amine surface groups of the silica particles lead to gold patch formation on acces-
sible areas of the particle surface. Variation of the wrinkle dimensions tunes the degree of
immersion of the amine-functionalized silica particles into the template structure. Thereby,
the surface area available for modiﬁcation is precisely adjusted. Final patch size is deter-
mined by the degree of immersion. Sideways modiﬁcation of the particles is excluded by
neighboring particles in the string-like alignment.
The patchiness, tailored by the template dimensions, should inﬂuence the particles' in-
terfacial activity at an oil/water interface. As a consequence, such SiO2NH2-Au patchy
particles can act as adaptable stabilizers in various emulsion systems.
6.2 Characterization of SiO2NH2 Particles and
Colloidal Gold
Prior to assembly and modiﬁcation the purchased SiO2NH2 particles and the synthesized
gold nanoparticles were characterized. TEM and UV-Vis spectroscopy provide informa-
tion about the size of the colloidal gold246 (see Figure 6.2a and 6.2b).
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Figure 6.2: (a) TEM image of gold nanoparticles (diameter 15.6±1.1 nm). (b) UV-Vis
spectrum of gold nanoparticles with maximum at wavelength of 525 nm. Fig-
ure was adapted from reference.222 Copyright (2014) by Wiley-VCH.
The diameter of the gold nanoparticles determined from TEM images is 15.6±1.1 nm.
Although the particles are not perfectly spherical, the size distribution is homogeneous.
Additionally, water-borne gold nanoparticles show plasmon absorption247 depending on
the particle size. Maximum absorbance was found at λ=525 nm indicating an estimated248
particle diameter of 14.1 nm. The results for the particle sizes from TEM and UV-Vis
spectroscopy are in good agreement.
The negatively charged citrate capping of the particles was conﬁrmed by zetapotential
measurement (see Figure 6.3). The pH of the used Au-NP solution is 6.7, corresponding
to ζ=-30 mV. Zetapotential shows that the Au-NP are negatively charged and show good
colloidal stability. Besides this speciﬁc pH value, zetapotential of the Au-NP decreases
with increasing pH value (ζ=-4 mV for pH=3, ζ=-46 mV for pH=10).
The surface charge of SiO2NH2 particles depends on pH due to the amine groups. Particle
agglomeration can be avoided by suﬃcient inter-particle repulsion. At pH=7 particles
show a zetapotential of +28 mV and tend to aggregate. Considering surface charges,
protonated amine groups already outweigh deprotonated hydroxyl groups on the particle
surface. By reducing the pH to 3, surface charge of the particles increases (ζ=+41 mV).
Protonation of amine groups provides higher stability, prevents aggreagtion and increases
interaction with negatively charged gold nanoparticles. Experiments concerning assembly
of SiO2NH2 particles on wrinkles are performed from aqueous solutions at pH=3.
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Figure 6.3: Zetapotential of SiO2NH2, SiO2 and Au particles at diﬀerent pH values. Figure
was adapted from reference.222 Copyright (2014) by Wiley-VCH.
6.3 SiO2NH2-Au Patchy Particles via Template-based
Approach
In general, template-based approaches for preparation of patchy particles are divided in
three parts: Masking of the initial particles, particle modiﬁcation and release of the patchy
particles from the template.
6.3.1 Masking: Alignment of SiO2NH2 Particles in Wrinkles
In the ﬁrst step towards patchy particles, initially uniform SiO2NH2 particles are assem-
bled on wrinkle templates. Wrinkles of three distinct dimensions were used (see Table 6.1).
Table 6.1: Wrinkle dimensions (amplitude A, wavelength λ) for diﬀerent plasma exposure
times. Table was adapted from reference.222 Copyright (2014) by Wiley-VCH.
Plasma exposure time, s 150 600 900
A, nm 191±1 338±2 377±3
λ, nm 748±4 1618±8 1664±13
With the wrinkle dimensions the degree of immersion of the amine-functionalized particles
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into the underlying structure is controlled. With increasing λ and A, wrinkles cover a
larger part of the particle surface. Consequently a smaller part of the surface is available
for modiﬁcation. Precise tuning of wrinkle dimensions is consistent with exact control of
the patchiness of the ﬁnal particles.
In order to obtain proper alignment of the SiO2NH2 particles in wrinkle grooves, diﬀerent
methods (spin coating, drying) with varying parameters (concentration, pH of particle
solution) were investigated. Figure 6.4 summarizes the results.
Spin coating of SiO2NH2 particles results in poor coverage even for concentrations of up
to 0.5 wt%. Probably, the interaction between particles and substrate is not suﬃcient to
guarantee proper assembly. If particles are dried on templates the concentration has to be
adjusted carefully (see Figure 6.4 E-K). Additionally, lower concentrations than for spin
coating provide good coverage. Best results were obtained for a concentration of 0.05 wt%
on 600 s wrinkles. Based on this result, concentrations were optimized for 150 s and 900 s
substrates (see Figure 6.4 H-K) to 0.075 wt% and 0.05 wt%, respectively. For all wrinkle
dimensions amine-functionalized particles align well in the grooves. Mostly, the strings
exhibit a width of one particle, in rare cases two particles neighbor each other.
By measuring the total wrinkle length and the length of the particle decorated groove,
average coverage was determined from several individual AFM height images. 55.4±6.6%
of wrinkle grooves are ﬁlled with particles independent of substrate dimensions. Combin-
ing wrinkle wavelength, sample dimensions, particle diameter and average coverage, the
number of particles in the grooves was estimated to 1.16·108, 5.34·107 and 5.19·107 parti-
cles for 150 s, 600 s and 900 s substrates. Those values provide the basis for estimating
the particle concentration in solution after release from the substrate.
Figure 6.5 depicts representative cross sections of amine-functionalized silica particles
aligned in 150 s, 600 s and 900 s wrinkles. With increasing wrinkle dimensions the
particles more and more immerse into the grooves. Consequently, the part of the particle
protruding from the structure decreases. On 150 s substrates, 300 nm of the particle stick
out of the structure. This value decreases for 600 s substrates to 260 nm and for 900 s
substrates to 240 nm.
Alignment of the SiO2NH2 particles in wrinkle grooves enables precise tuning of the surface
area available for further modiﬁcation. By increasing wrinkle dimensions the particles are
masked to a greater extent and the surface area for patch application is reduced.
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Figure 6.4: AFM height images of SiO2NH2 particles assembled in wrinkles by spincoating
(A-C) and drying (E-K). Concentration increases for A-C from 0.1 wt% to
0.2 wt% and 0.5 wt%, while spin speed (2000 rpm) and wrinkle dimensions
(600 s) were kept constant. For E-G concentration increases from 0.025 wt%
to 0.05 wt% and 0.1 wt%, while wrinkle dimensions were constant (600 s).
H-K shows optimal assembly conditions for 150 s, 600 s and 900 s wrinkles
(concentrations: 0.075 wt%, 0.05 wt %, 0.05 wt%). Height scale: ∆z=900 nm.
Figure was adapted from reference.222 Copyright (2014) by Wiley-VCH.
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Figure 6.5: Cross sections of SiO2NH2 particles on 150 s, 600 s and 900 s substrates. With
increasing wrinkle dimensions the particles immerse into the structure to a
larger extent and a smaller part of the surface is accessible for further modiﬁca-
tion. Figure was adapted from reference.222 Copyright (2014) by Wiley-VCH.
6.3.2 Modiﬁcation: Applying a Gold Patch to SiO2NH2 Particles
The next step in the template-based approach towards patchy particles is modiﬁcation of
the accessible surface area of the aligned SiO2NH2 particles with gold nanoparticles (Au-
NP). Modiﬁcation is performed from the aqueous phase to provide adsorption of Au-NP
to the amine-functionalized silica particles. Electrostatic interaction between positively
charged amine groups and negatively charged citrate groups of the Au-NP acts as driving
force for adsorption and prevents removal of Au-NPs in further preparation steps.
Figure 6.6 shows AFM height and phase images of gold-decorated SiO2NH2 particles
assembled in wrinkle grooves. Besides adsorption (c,d), the gold colloids were also applied
by spin coating (a,b).
Due to the small size of the Au-NPs compared to SiO2NH2 particles their adsorption is
not visible in AFM height images but in phase images. Au-NPs appear as bright dots on
the initial silica particles. If the Au-NPs are spincoated onto the substrate, they adsorb
to SiO2NH2 particles and PDMS. Applying a droplet of gold solution to the substrate
and washing it oﬀ after 10 minutes leads to adsorption of Au-NPs only to SiO2NH2
particles. Probably, Au-NPs deposited on PDMS are removed in the washing step due
to repulsion between the negatively charged substrate and negatively charged particles,
while particles experiencing attraction to the positively charged amine groups on the silica
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Figure 6.6: AFM height and phase images of SiO2NH2 particles assembled on wrinkle sub-
strates decorated with gold nanoparticles by spincoating (a,b) and adsorption
(c,d). ∆z =900 nm, 60◦. Figure was adapted from reference.222 Copyright
(2014) by Wiley-VCH.
particles remain. Consequently, adsorption was chosen as modiﬁcation method.
Additionally, success of modiﬁcation of SiO2NH2 particles with Au-NP can be observed
by eye. Figure 6.7 shows photographs of Au-NPs deposition on a blank (A) and SiO2NH2
particle decorated wrinkle substrates. The initial reddish Au-NP solution remains reddish
dispersed on wrinkles, while its color changes to violet-blue on wrinkles with assembled
SiO2NH2 particles. Adsorption of Au-NPs on amine-functionalized silica particles changes
the distance between the gold nanoparticles, shifting the plasmon resonance absorbance
maximum249 which results in the violet-blue color of the sample.
At higher resolution under the AFM the assembly of colloidal gold on SiO2NH2 particles
becomes more clear. Figure 6.8 compares AFM phase images of pure SiO2NH2 particles
(b) with single (a), double (c,d) and multiple (e,f) adsorption of colloidal gold on amine-
functionalized particles. Initial SiO2NH2 particles show a smooth, featureless surface in
the phase image (b). In contrast, gold-decorated particles show small elevations identiﬁed
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A
B
Figure 6.7: Photographies of deposition of Au-NP on wrinkles (A) and on wrinkles with
assembled SiO2NH2 particles (B). Figure was adapted from reference.222 Copy-
right (2014) by Wiley-VCH.
as Au-NPs (a). The small spacing between the Au-NPs may be due to their surface charge
preventing denser packing.
Applying Au-NPs in two cycles (c,d) leads to increased adsorption of the particles on
the SiO2NH2 particles. Additionally, more AuNPs are deposited on PDMS. This eﬀect is
more pronounced for multiple adsorption cycles (e,f; ﬁve-fold). The amount of colloidal
gold attached to PDMS increases drastically. Furthermore the distribution of Au-NPs on
SiO2NH2 particles is inhomogeneous. Partially, Au-NPs form small aggregates. Conse-
quently, SiO2NH2 particles were modiﬁed with colloidal gold in a single adsorption step.
6.3.3 Release: Removing the Patchy Particles from the Template
Final step of the template-assisted approach for preparing patchy particles is release of
the particles from the substrate without aﬀecting patch, particle and template.
Particles were redispersed either by ultrasonication or repeated wetting of the sample with
water. The success of both methods was conﬁrmed by AFM measurements showing few
or no particles on the substrate (see Figure 6.9). As a result of those careful treatments,
wrinkled substrates may be re-used in further particle preparation cycles.
Figure 6.10 shows SEM images of released SiO2NH2-Au patchy particles. Together with
the AFM images of Figure 6.9, the SEM images prove proper particle release from the
substrate as well as good yield.
Concentration of the released particles was calculated considering the number of particles
on a substrate, substrate coverage, wrinkle dimensions and used water volume. Few
assumptions were made for the calculations. The particles are assumed to be covered
by a 15 nm thick halv shell of gold. For release of 100% particles from the wrinkles a
concentration of 0.14 mg/ml is obtained. If 100% coverage is assumed, this concentration
increases to 0.25 mg/ml. This value should be the maximum, as probably not all particles
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Figure 6.8: AFM phase images of SiO2NH2 particle (b) and gold nanoparticles adsorbed
on SiO2NH2 particles in single (a), double (c,d) and ﬁve-fold (e,f) adsorption
step. ∆z =60◦. Figure was adapted from reference.222 Copyright (2014) by
Wiley-VCH.
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Figure 6.9: AFM height images of wrinkles after removal of patchy particles via ultrason-
ication (a) and repeated wetting (b). ∆z =900 nm.
are released from the substrate and the particle weight is overestimated. In the real system
single gold nanoparticles cover the surface instead of a continuous layer of gold.
Assembly of the initial particles in wrinkle grooves of diﬀerent dimensions results in par-
ticles of diﬀerent patchiness. Figure 6.11 shows SEM images of patchy particles released
from substrates with increasing dimensions ((a) 150 s, (b) 600 s, (c) 900 s). Patch and un-
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500 nm
Figure 6.10: SEM images of patchy particles released from 600 s wrinkles via ultrasonica-
tion. The white box in (left) marks the area of the image at higher magni-
ﬁcation (right). Figure was adapted from reference.222 Copyright (2014) by
Wiley-VCH.
modiﬁed area are separated by a line to determine the extension of the patch. In the lower
row of Figure 6.11 schemes of patchy particles depict the correlation between increasing
patch size, i.e. increasing particle modiﬁcation with Au-NPs, and degree of immersion
into the wrinkle templates.
Patch size is calculated by the ratio of covered particle area to free particle area.250 For
150 s, 600 s and 900 s wrinkle templates patchiness decreases form 1.84 to 1.17 and 0.82,
respectively.
The homogeneous SiO2NH2 particles immerse to a greater extent into wrinkles with in-
creasing dimensions. Consequently, larger parts of the particles are shielded from further
modiﬁcation and patchiness decreases. Patchiness of the resulting SiO2NH2-Au particles
is precisely controlled by choosing templates with suitable dimensions.
6.4 Interfacial Activity of SiO2NH2-Au Patchy
Particles
For possible applications of patchy particles as emulsion stabilizers228 or coatings251 char-
acterization of their interfacial activity is of great importance. In general, a reduction of
interfacial energy is the driving force for particle assembly at ﬂuid interfaces.252,253 Sur-
face activity of patchy particles is determined by pendant drop shape analysis. Patchy
particles, dispersed in water, form a pendant droplet in n-heptane, the surrounding phase.
In order to compare single measurements of diﬀerent particles, concentrations of patchy
particles are similar (≈0.14 mg/ml) and below the concentrations of amine-functionalized
silica particles and Au-NPs. The reduction of the interfacial tension by the patchy parti-
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Figure 6.11: SEM images of SiO2NH2-Au patchy particles with increasing patch size and
schematic side view of silica particles with increasing coverage with gold
nanoparticles. Values in the lower row correspond to particle patchiness.
Figure was adapted from reference.222 Copyright (2014) by Wiley-VCH.
cles merely based on concentration is excluded.
Adsorption behaviour and interfacial activity of homogeneous and Janus or patchy par-
ticles show diﬀerences demonstrated in theory and experiment.229 The amphiphilicity of
Janus or patchy particles and their surface activity254 are the reasons for the diﬀerences.
In order to characterize the inﬂuence of the patchiness, interfacial activities of patchy par-
ticles and homogeneous particle building blocks (gold nanoparticles, amine-functionalized
silica particles) were determined and compared.
Interfacial tension measurements for homogeneous SiO2NH2 particles, colloidal gold (Au-
NP) and patchy particles with increasing patchiness (0.82-1.84) are depicted in Figure 6.12
in relation to the interfacial tension of water/n-heptane. For patchy particles with 1.17
patchiness, interfacial tension was also measured at pH=3. Additionally, zetapotential of
SiO2NH2 particles, Au-NPs and patchy particles (0.82-1.84) for pH=3-11 was determined.
The results shown in Figure 6.13 contribute to a better understanding of the interfacial
behaviour of patchy particles and the additional inﬂuence of surface charges.
For SiO2NH2-Au (1.17) patchy particles zetapotential is positive (ζ=12 mV) at pH=3.
The positive charge results from protonation of the amine groups and the small nega-
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Figure 6.12: Interfacial tension versus time for water/n-heptane, gold nanoparticles,
amine-functionalized silica particles and patchy particles (0.82-1.84). For
SiO2NH2-Au with 1.17 patchiness interfacial tension was also measured at
pH=3. All other measurements were carried out at pH=6.7. Sketches of
patchy particles on right side of graph show patchiness and charge distribu-
tion of the particles. Figure was adapted from reference.222 Copyright (2014)
by Wiley-VCH.
tive charge of the Au-NPs. With increasing pH, the positive charge is reduced and for
pH=4.5-8 the zetapotential of the patchy particles is similar to the zetapotential of Au-
NP. For pH>8, the inﬂuence of the NH2-groups is important. For SiO2NH2 particles the
zetapotential drops for high pH values and this eﬀect is transferred to the patchy particles.
For SiO2NH2-Au (1.17) and (1.84) particles zetapotential was determined for pH=6-7, as
interfacial tension measurements were performed in this pH range. At pH=6.7, patchy
particles exhibit a similar zetapotential (ζ=-32 mV (1.17), ζ=-34 mV (0.82), ζ=-36 mV
(1.84)). Although patchiness varies, distribution and distance between Au-NPs on the
patchy particles may also vary leading to the similar zetapotential. Au-NPs dominate the
particle charge at pH=6.7 resulting in comparable repulsion from the negatively charged
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Figure 6.13: Zetapotential of SiO2NH2, SiO2, Au and SiO2NH2-Au (0.82-1.84) particles
at diﬀerent pH values. Grey box around measurement point of SiO2NH2-Au
(1.17) corresponds to potential at pH=3 and grey measurement in IFT plot.
Figure was adapted from reference.222 Copyright (2014) by Wiley-VCH.
oil-water interface255,256 for all particles.
For interpretation of the interfacial tension measurements of patchy particles (see Fig-
ure 6.12) charge, charge distribution, orientation of the particles at the interface in combi-
nation with the interfacial curvature and the Janus character (correlating with coverage
of the interface with particles) have to be considered.
Upon formation of the water droplet in the oil phase, interfacial tension decreases as the
dispersed particles segregate towards the interface. With time, interfacial tension reaches
equilibrium and reaches 47.3 mN/m for Au-NPs and 30.4 mN/m for SiO2NH2 particles.
Both values are below the interfacial tension of water in n-heptane without any additives.
For patchy particles interfacial tension drops to 36.3 mN/m for SiO2NH2-Au (1.17) at
pH=3, to 28.2 mN/m for SiO2NH2-Au (0.82), to 26.0 mN/m for SiO2NH2-Au (1.84)
and to 14.1 mN/m for SiO2NH2-Au (1.17) at pH=6.7. At pH=6.7 all values for patchy
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particles are lower than for homogeneous particles. Due to their charged surface, patchy
particles orient at the negatively charged water/n-heptane interface (see Figure 6.14).
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Figure 6.14: Sketches of patchy particles with diﬀerent patchiness and charge at a neg-
atively charged oil-water interface. Figures was adapted from reference.222
Copyright (2014) by Wiley-VCH.
The positively charged, amine-functionalized silica part points towards water, while the
negatively charged, gold modiﬁed side immerses into n-heptane. 1.17-patchy particles at
pH=6.7 are most interfacially active. Their surface modiﬁcation with amine groups and
gold nanoparticles is closest to Janus balance leading to good coverage of the water/n-
heptane interface. The slightly larger gold part immerses into n-heptane supporting the
curvature of the water droplet. At pH=3, the negative charge of the gold side of 1.17-
patchy particles is switched oﬀ and their interfacial activity is drastically reduced. Conse-
quently, charges (electrostatics) have a boosting eﬀect and compensate for energetically
expensive equilibration of the particle orientation at the interface. 0.82-patchy particles
are also close to Janus balance, but the larger part of the particle surface is covered
with amine groups, remaining in the aqueous phase and pointing towards the inside of
the droplet. Due to steric hindrance (see Figure 6.14) dense packing at the interface is
prevented. 1.84-patchy particles arrange with their larger, gold-modiﬁed part pointing
towards the outside of the water droplet, but cover the interface to a lesser extent (oﬀ
Janus balance) and are less interfacially active than 1.17-patchy particles.
In conclusion, SiO2NH2-Au patchy particles exhibit rich interfacial behaviour. Their
interfacial activity is tunable by the patchiness, surface charge and charge distribution.
6.5 Summary
SiO2NH2-Au patchy particles were prepared in a three-step template-based approach.
First, amine-functionalized silica particles are assembled on wrinkle templates with in-
creasing dimensions. The wrinkle dimensions control the degree of immersion of the
initial particles into the structure and determine the surface area accessible for further
modiﬁcation. In the second step, the accessible surface area of aligned particles is modiﬁed
by adsorption of colloidal gold. In a ﬁnal step, particles are released from the substrate
via ultrasonication or repeated wetting with water. Patch, particle and template are not
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aﬀected by the release.
Patchiness of the ﬁnal particles is precisely controlled by increasing immersion of SiO2NH2
particles into wrinkle grooves with increasing dimensions. A high degree of immersion
results in a patchy particle with small patch size. Generally, patchiness ranges between
0.82 and 1.84.
Interfacial activity of the patchy particles at an oil/water interface depends on the patch
size, surface charge and charge distribution. Therefore, the synthesized particles are
suitable as emulsion stabilizers or related applications. Additionally, amine groups present
at the particle surface provide anchor points for further modiﬁcations. Via binding of
thiol groups to the gold nanoparticles on the particle surface, a variety of molecules can
be attached to the particles. Due to electrostatic interaction of amine-functionalized silica
particles and gold nanoparticles, one could think of other negatively charged particles for
immobilization on the surface.
The template-based method for patchy particle preparation include several advantages.
The building blocks are easily prepared (templates, gold nanoparticles) and inexpensive
(amine-functionalized silica particles). The standard reaction and dispersion medium is
water, which is biocompatible and non-toxic. Additionally, the approach consists of only
three steps carried out under ambient conditions. Due to destruction-free release of the
patchy particles from the templates, they can be re-used. A scale-up of the process may
be conveniently realized by increasing the dimensions of the wrinkle templates limited
only by the volume of the plasma etching device.
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This work dealt with assembly and design of colloidal particles through approaches based
on wrinkle templates. Wrinkle-assisted assembly was studied for anisotropic bionanopar-
ticles, i.e. rigid tobacco mosaic virus and ﬂexible potato virus x, an amphiphilic protein
as well as for microgels of varying ﬂexibility. Particle design was shown by preparation
of crosslinked, ﬂexible microgel strings and by design of interfacially active SiO2NH2-Au
patchy particles.
The second chapter covered generation and characterization of a variety of wrinkle tem-
plates. Wrinkles form upon strain release in a bilayer system comprised of a thin stiﬀ oxide
layer on an elastomeric PDMS fundament. Wrinkle wavelength and amplitude are tun-
able by the thickness of the oxide layer introduced by plasma treatment. Thickness of the
oxide layer was assessed with AFM nanomechanical mapping and ranges between 15 nm
and 50 nm. By additional shielding during plasma treatment, wrinkles were modiﬁed
towards tiny structures and gradients especially suitable for combinatorial experiments
in particle assembly. Introduction of edges and defects, like particles and holes, further
expands the library of available structures.
In the third chapter wetting behaviour of wrinkle and gradient wrinkle substrates was stud-
ied. Hydrophobic recovery of plasma-treated PDMS and wrinkle templates was shown by
contact angle measurements. Due to migration of low-molecular-weight species towards
the surface, substrates regain initial hydrophobicity 49 days after plasma treatment. The
oxide layer decelerates hydrophobic recovery with increasing layer thickness due to its
barrier function. Regarding the wetting behaviour of wrinkled substrates increased con-
tact angles were found compared to planar substrates. This hydrophobicity is attributed
to the nanostructured surface. Additionally, wetting diﬀers along and perpendicular to
the grooves (droplet extension and pinning, respectively). Due to the low aspect ratio of
wrinkle structures, wetting is described by the Wenzel model, proposing complete wetting
of the structured surface without enclosure of air pockets. On gradient wrinkle substrates
movement of liqud droplets was observed after drop deposition. Motion is induced by im-
balanced interfacial energies on opposite drop sides. The motion towards smaller wrinkles
is limited by compensation of the contact angle diﬀerence.
The fourth chapter focused on assembly and printing of bionanoparticles. Wrinkles were
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used as templates in the guided alignment of rigid TMV via spin coating. Concentration
and spin coating speed determine assembly quality. Subsequently, virus decorated wrin-
kles were used as stamps for intaglio printing resulting in regular virus lines with tunable
distance. For ﬂexible PVX wrinkles served in a moulding process. Particle ﬂexibility
played an important role in selection of the respective patterning approach. Additionally,
wrinkles were used as stamps for micro contact printing of hydrophobin, a globular, am-
phiphilic protein. The chapter provides an overview of possible applications of wrinkles
in the ﬁeld of particle assembly and printing.
In the ﬁfth chapter an approach towards anisotropic microgels strings was presented. In
combinatorial experiments on wrinkle gradients the assembly of thermoresponsive micro-
gels with varying deformability was optimized regarding particle-substrate-interactions
and substrate coverage. The multifaceted assembly behaviour (lines, zigzag structures)
was studied in detail. Large, ordered microgel arrays were transferred onto planar sub-
strates, crosslinked into anisotropic architectures by UV light treatment and redispersed.
Those responsive ﬁbers provide possible applications as actuators in artiﬁcial muscles.
The ﬁnal chapter demonstrated the synthesis of SiO2NH2-Au patchy particles by a temp-
late-based strategy in three steps. After assembly of amine-functionalized silica particles
on wrinkle templates with diﬀerent dimensions, the accessible surface area of the particles
was modiﬁed by adsorption of colloidal gold. The degree of immersion into the wrinkle
grooves determines the degree of modiﬁcation and thereby the patchiness. Finally, patchy
particles were released from the substrate. Interfacial activity of patchy particles depends
on patchiness, which varies between 0.82 and 1.84. Amine and gold moieties on the
particles surface provide starting points for further modiﬁcations, while the interfacially
active particles are also suitable as emulsion stabilizers and related applications.
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8 Zusammenfassung
Diese Arbeit behandelte die Anordnung und das Design von kolloidalen Partikeln mit-
tels Methoden basierend auf Faltentemplaten. Falten-gestützte Anordnung wurde für
anisotrope Bionanopartikel, d.h. steife Tabakmosaikviren und ﬂexible Kartoﬀelviren X,
ein amphiphiles Protein und auch Mikrogele mit unterschiedlicher Deformierbarkeit un-
tersucht. Das Partikeldesign wurde durch die Herstellung von vernetzten, ﬂexiblen Mikro-
gelketten und die Synthese von grenzﬂächenaktiven SiO2NH2-Au strukturierten Partikeln
gezeigt.
Das zweite Kapitel behandelte die Herstellung und Charakterisierung einer Vielzahl von
Faltentemplaten. Falten bilden sich aufgrund von Zugentlastung in einem zweilagigen
System bestehend aus einer dünnen, steifen Oxidschicht auf einem elastomeren PDMS-
Fundament. Faltenwellenlänge und -amplitude sind über die Dicke der Oxidschicht, gener-
iert durch Plasmabehandlung, einstellbar. Die Dicke der Oxidschicht wurde mittels
nanomechanischer AFM-Messungen bestimmt und bewegt sich zwischen 15 nm und 50 nm.
Durch zusätzliche Abschirmung während der Plasmabehandlung werden die Faltensub-
strate hinsichtlich sehr kleiner und Gradientenstrukturen, die besonders nützlich für kom-
binatorische Experimente bei der Partikelanordnung sind, modiﬁziert. Einführung von
Kanten und Defekten wie Partikeln und Vertiefungen erweitert die Sammlung an verfüg-
baren Strukturen zusätzlich.
Im dritten Kapitel wurde das Benetzungsverhalten von Falten- und Gradientensubstraten
untersucht. Die Regeneration der Hydrophobie von plasmabehandelten PDMS- und
Faltentemplaten wurde mittels Kontaktwinkelmessungen gezeigt. Aufgrund der Diﬀu-
sion von Spezies mit niedrigem Molekulargewicht zur Oberﬂäche gewinnen die Substrate
ihre ursprüngliche Hydrophobizität innerhalb von 49 Tagen nach der Plasmabehandlung
zurück. Die Oxidschicht verlangsamt die Regeneration der Hydrophobie, da sie als Bar-
riere fungiert. Hinsichtlich des Benetzungsverhaltens von Faltensubstraten konnten, im
Vergleich zu planaren Substraten, erhöhte Kontaktwinkel beobachtet werden. Diese Hy-
drophobizität wurde der nanostrukturierten Oberﬂäche zugeschrieben. Zusätzlich wurden
Unterschiede in der Benetzung parallel und senkrecht zu den Falten festgestellt (Ausde-
hung der Tropfen beziehungsweise Pinning). Aufgrund des geringen Aspektverhältnisses
der Faltenstrukturen wird das Benetzungsverhalten durch das Wenzel-Modell beschrieben,
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das vollständige Benetzung der strukturierten Oberﬂäche ohne Lufteinschlüsse vorschlägt.
Auf Gradientensubstraten wurde eine gerichtete Bewegung von Flüssigkeitstropfen nach
deren Absetzung beobachtet. Die Wanderung wird durch unausgeglichene Grenzﬂächenen-
ergien an gegenüberliegenden Tropfenenden induziert. Die Bewegung hin zu kleineren
Falten wird durch den Ausgleich der Diﬀerenz der Kontaktwinkel limitiert.
Das vierte Kapitel konzentriert sich auf Anordnung und Druckprozesse für Bionanopar-
tikel. Faltensubstrate wurden als Template für die gerichtete Anordnung von rigidem
TMV per Lackschleudern benutzt. Konzentration und Rotationsgeschwindigkeit beim
Lackschleudern bestimmen die Qualität der Anordnung. Anschließend wurden die viren-
bedeckten Faltensubstrate als Stempel für ein Tiefdruckverfahren verwendet, das zu regel-
mäßigen Viruslinien mit einstellbarem Abstand führte. Für den ﬂexiblen PVX dienten
die Faltensubstrate in einem Abformungsprozess. Die Flexibilität der Partikel spielt eine
wichtige Rolle bei der Auswahl der entsprechenden Strukturierungsmethode. Zusätz-
lich wurden die Faltensubstrate als Stempel beim Mikrokontaktdruck von Hydrophobin,
einem globulären, amphiphilen Protein verwendet. Das Kapitel gibt einen Überblick über
mögliche Anwendungen von Faltensubstraten im Bereich der Partikelanordnung und des
Drucks.
Im fünften Kapitel wurde eine Methode zur Herstellung anistroper Mikrogelstränge vorge-
stellt. In kombinatorischen Experimenten auf Gradientensubstraten wurde die Anordnung
von thermoresponsiven Mikrogelen mit variierender Deformierbarkeit hinsichtlich Partikel-
Substrat-Wechselwirkung und Substratbedeckung optimiert. Das vielfältige Anordnungs-
verhalten (Linien, Zickzack-Strukturen) wurde detailiert untersucht. Großﬂächige, geord-
nete Mikrogelstrukturen wurden auf planare Substrate übertragen, mittels UV-Licht zu
anisotropen Strukturen vernetzt und redispergiert. Diese responsiven Fasern bieten An-
wendungsmöglichkeiten als Aktuatoren in künstlichen Muskeln.
Das abschließende Kapitel zeigt die Synthese von SiO2NH2-Au strukturierten Partikeln
über eine templat-gestützte, dreistuﬁge Strategie. Nach der Anordnung von aminfunktion-
alisierten Silicapartikeln auf Faltentemplaten mit unterschiedlichen Dimensionen wurde
die zugängliche Partikeloberﬂäche durch die Adsorption von kolloidalem Gold modiﬁziert.
Die Eintauchtiefe der Partikel in die Falten bestimmt den Grad der Modiﬁkation und
damit die sogenannte Patchiness. Schließlich wurden die strukturierten Partikel vom
Substrat gelöst. Die Grenzﬂächenaktivität der strukturierten Partikel hängt von der
Patchiness ab, die zwischen 0.82 und 1.84 variiert. Amin- und Goldgruppen auf der Par-
tikeloberﬂäche bieten Startpunkte für weitere Modiﬁkationen, wobei die grenzﬂächenak-
tiven Partikel auch zum Stabilisieren von Emulsionen und für verwandte Anwendungen
nützlich sind.
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9.1 Atomic Force Microscopy
Since its invention in 1986 by Binnig et al.6 the atomic force microscope257260 (AFM) be-
came an important tool in materials sciences, physics and biology. With AFM surfaces are
imaged in air or liquid media with nanometer resolution in xy-direction and sub-angstrom
resolution in z-direction. As a cantilever-shaped silicon spring is used, it is possible to
apply and measure forces in nano-Newton range. Therefore, inter- and intramolecular
forces of biomolecules261,262 and mechanical properties of various materials263,264 are of-
ten addressed by AFM studies.
9.1.1 Working Principle and Setup
AFM bases on deﬂection of a ﬂexible cantilever with probe, which is close to or in contact
with the sample. Cantilever deﬂection is measured by an optical lever technique.265 A laser
is directed at the cantilever and reﬂected from its surface onto a photodiode. Cantilever
deﬂections change the beam position on the photodiode.
Generally, AFM can be operated in two diﬀerent modes. The AFM setup shown in
Figure 9.1 is valid for force measurements and imaging mode. For force measurements
the probe moves vertically (z-direction) in relation to the substrate. Cantilever deﬂection
is caused by tip-sample-interactions and detected by the voltage applied to the photodiode.
For surface imaging the probe scans the sample horizontally (x-y-direction). In this case
tip-sample-interaction is kept constant and an image is obtained from the correction
voltage applied to the z-piezo.
The central component of an AFM is the cantilever, whereon the probe is mounted. Shape
and properties of the cantilever need to be adjusted to the individual AFM experiment.
The probe mounted to the cantilever varies regarding to the mode the AFM is operated
in (force measurement or surface imaging).
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Figure 9.1: Scheme of AFM setup.
9.1.2 Surface Imaging
For surface imaging AFM is typically operated in three modes: non-contact, contact
and intermittent. For probing magnetic, electric or atomic forces of a sample the can-
tilever moves away from the surface (non-contact mode) and oscillates near its resonance
frequency. Measurement of shifts of its natural resonance frequency due to attractive sam-
ple interactions lead to a topographical image of the sample. Measurement of interaction
forces during contact of tip and sample acquire sample information in contact mode. Inter-
mittent mode combines non-contact and contact mode by oscillating the cantilever near
its resonance frequency, while allowing the tip to hit the sample once in each oscillation
cycle.
Interaction forces266 between tip and sample are shown in a force displacement curve (see
Figure 9.2) which is described by a Lennard-Jones-potential:
P (d) =
A′
d12
− B
′
d6
(9.1)
with d as distance between tip and sample and A′ and B′ as material constants of tip
and sample. At large interatomic distances weak attractive forces occur between tip and
sample, described by the second term. Those attractive forces increase until the atoms
are close enough for electron clouds to electrostatically repel each other. This repulsive
force, described by the ﬁrst term, diminishes attractive forces with decreasing interatomic
distance. If atoms are in a distance of few Angstroms the interaction force becomes zero.
Fully repulsive interaction occurs for atoms in contact to each other.
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Figure 9.2: Interatomic force dependent on distance between AFM probe and sample.
This ﬁgure was adapted from reference.266
Non-contact Mode
In non-contact mode at a typical distance of 50-150 Å between tip and sample attractive
van der Waals forces arise from electromagnetic ﬁeld ﬂuctuations. As these forces are
weak the cantilever oscillates during scanning the surface near its resonance frequency and
changes in amplitude, phase or frequency are used for detection. Usually, the amplitude
is kept at a constant setpoint by closed loop control and serves as feedback parameter
to generate the topographic surface image. Weak forces (pN-nN) as well as long range
interactions are measured with non-contact mode.
The method is nondestructive for sample and tip which is advantageous for sensitive
biological samples267 or molecularly thin layers268 and soft materials.269 Amajor drawback
of this technique is low resolution. Often the ﬂuid contamination layer is thicker than the
van der Waals force gradient. Imaging the true surface fails as the oscillating tip may be
trapped in the layer or hover above the force range. Additionally, lack of measurement of
tip-sample-distance inﬂuences the resolution negatively.
Contact Mode
In contact mode the tip is in direct contact with the sample. In this case, forces are
of repulsive nature due to electrostatic repulsion of the electron clouds in the atoms.
Furthermore, the contaminant layer on the sample exerts an attractive capillary force on
the tip besides the shear force component of the cantilever scanning the surface. This
cantilever force depends on spring constant and deﬂection of the cantilever. Here lies the
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major drawback of the contact mode: shear force from lateral tip movement can cause
damage to soft samples and the tip itself.
The imaging signal can be generated in two ways. In constant-height mode the distance
between cantilever and sample is constant (no movement in z-direction). Cantilever deﬂec-
tion resulting from tip-sample interactions is used for generation of the surface topography.
Steep height diﬀerences on the sample may damage the tip during scanning. In constant-
force mode vertical cantilever deﬂection and thereby the force between tip and sample is
kept constant. In a feedback loop the measured deﬂection is compared to the setpoint
value leading to an actuation of the z-piezo lowering or raising the cantilever. The voltage
applied by the feedback generates the topography image of the sample.
Intermittent Mode
The intermittent mode is a combination of non-contact and contact mode. Driven by
a piezo actuator the cantilever oscillates at or near its resonance frequency. Oscillation
amplitudes are typically in a range of 20-100 nm when the tip is not in contact with the
sample (free amplitude). The oscillating tip is approached to the surface until the tip
contacts the surface once per oscillation cycle. Contact time is very short to keep tip
and sample damage at a minimum. With the tip moving over elevations on the sample
the vibration amplitude is reduced by decreased vibration space. Surface indentations
increase the vibration amplitude to a value close to the free amplitude. During scanning
the oscillation amplitude is kept at a constant setpoint by a feedback loop. The controller
compares the measured value with the setpoint and generates an error signal. This signal
drives the z-piezo to adjust the amplitude and as a measure of vertical surface features
used to generate the topographic image.
Additionally, diﬀerences in material properties are mapped by the phase shift between
driving force and oscillating cantilever.270,271 For understanding the origin of phase con-
trast, the dynamics of a vibrating tip close to a surface are important. If the force between
tip and sample is zero, the tip is regarded as forced harmonic oscillator with damping:
mz¨ + kz +
mω0
Q
z˙ = F0 cos (ωt) (9.2)
with driving force F0, frequency ω, quality factor Q, resonance frequency ω0, spring con-
stant k and mass m.
At low driving frequencies the response is controlled by spring stiﬀness and amplitude
is close to F0/k. At large frequencies the response is controlled by interia and a small
amplitude is expected with a phase shift of 180◦. At resonance the phase shift is 90◦. The
98
9.1 Atomic Force Microscopy
phase shift between driving force and vibrating cantilever without damping is deﬁned as:
tan Θ =
ωω0/Q
ω20 − ω2
(9.3)
with the phase angle Θ. The amplitude depends on the excitation frequency:
A (ω) =
F0/m√
(ω20 − ω2)2 + (ωω0/Q)2
(9.4)
According to Equation 9.4, the oscillation amplitude depends on driving force F0, damp-
ing and excitation frequency in relation to the natural frequency. If the tip is under the
inﬂuence of a parabolic interaction potential the total force on the tip (for small displace-
ments from equilibrium position) includes the elastic response kz and the interaction force
Fi:
Ft = F0 +
(
dF
dz
)
z0
(z − z0) (9.5)
with an eﬀective spring constant and resonance frequency:
keff = −dF
dz
=
(
k − dFi
dz
)
(9.6)
ωeff =
√
k − (dFi/dz)
m
(9.7)
Approaching the tip to the surface changes the eﬀective resonance frequency. So, a shift
of the whole resonance curve is induced (see Figure 9.3). Additionally, the oscillation
amplitude of the cantilever is modiﬁed to a value of the new resonance curve at the drive
frequency of the oscillator. The actual amplitude is then smaller than the free amplitude.
If the drive frequency diﬀers from the resonance to left or right, amplitude decreases or
increases depending on where the new resonance frequency is in relation to the natural
frequency.
Limitations of the harmonic description of the intermittent mode lie in the assumptions
that tip-sample interactions are free of energy transfer and that the force gradient is
independent of the separation and smaller than the spring constant.
If we want to interpret phase images, we have to correlate material properties of the
sample to the corresponding phase shift. In the approach of Magonov et al.271 the phase
shift is correlated to sample stiﬀness. They indroduce an eﬀective spring constant, similar
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Figure 9.3: Resonance curve for single harmonic oscillator (solid line) and under inﬂuence
of attractive and repulsive forces (dashed lines). An external force shifts the
resonance curve without changing its shape or size. Attractive forces reduce
the resonance frequency ω, repulsive force increase the resonance frequency ω.
This ﬁgure was adapted from reference.270
to Equation 9.6:
keff = k + σ (9.8)
with σ as derivative of the forces acting on the tip (see Equation 9.9).
σ =
∑ ∂Fi
∂z
(9.9)
This leads to a modiﬁcation of the phase shift calculated in Equation 9.3:
tan Θ =
mω0ω
Q (k + σ −mω2) (9.10)
For σ  k a relation between the phase shift and the Young's modulus E of the probed
material is established (σ is approximated with the stiﬀness S of the surface S = ξaE,
where a is the contact diameter):
tan Θ =
(
k
Qσ
)
≈ pi
2
− Qσ
k
=
pi
2
− ξaEQ
k
(9.11)
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Resolution
As AFM generates a 3D-image of the sample surface, vertical and lateral resolution have
to be distinguished. The former depends on thermal ﬂuctuations (see Equation 9.12) of
the cantilever and noise of the detector system.
z =
√
4kbT
3k
=
0.074nm√
k
(9.12)
For a cantilever with k=40 N/m the ﬂuctuations are in the range of 0.01 nm. Lateral
resolution depends on several factors like tip size, distance between tip and surface, tip-
surface interactions and sample properties. Consequently, it is diﬃcult to ﬁnd a general
deﬁnition.272
9.1.3 Quantitative Mechanical Property Mapping
Quantitative mechanical property mapping was performed using PeakForceTMquanitative
nanomechanical mapping (QNMTM), a new AFM technique for measuring a materials
Young's modulus with high spatial resolution and surface sensitivity.273275
The oscillating AFM tip taps the surface periodically and the associated force-distance
curve is measured. The curves provide information about adhesion and stiﬀness of the
sample. Developments in noise reduction, data acquisition and processing speed allow for
development of this mode with force resolution of 10−10 N and real time calculation of
Young's modulus at each surface contact.
In PeakForce tapping, probe and sample are intermittently brought in contact for a short
period. Unlike tapping mode where the cantilever vibration amplitude is kept constant by
the feedback loop, in PeakForce tapping the maximum force on the tip is controlled. In
a typical force curve (see Figure 9.4, left) little or no force acts on the tip if it is far from
the sample surface (A). With the tip approaching the surface, the cantilever is pulled
towards the surface by attractive forces (van der Waals, electrostatic, capillary forces).
If attractive forces overcome cantilever stiﬀness the tip jumps into contact (B) with the
surface and stays in contact until the z position reaches its bottom point. Here occurs
the peak force (C). By withdrawing the probe from the surface the force decreases to a
minimum value representing the adhesion force. The stage where the tip looses surface
contact due to further withdrawal is called pull-oﬀ point (D). For higher distances between
tip and surface only long range forces act on the probe and the force is minimal or zero
when the tip-sample separation reaches its maximum.
As tip-sample separation diﬀers from the z-position of the modulation during cantilever
bending the force curve is converted to a force versus separation plot for further analysis
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and ﬁtting (see Figure 9.4 right). Common quantities are adhesion, deformation, elastic
modulus and energy dissipation.
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Figure 9.4: Left: Typical force curve for vibration cycle during quantitative nanomechan-
ical mapping at peak force. Right: Force versus separation plot with evalu-
ation of adhesion, deformation, dissipation and elastic modulus. This ﬁgure
was adapted from reference.275
Elastic Modulus
The Young's modulus is extracted from the curve by ﬁtting the retraction part using the
Derjaguin-Muller-Toporov (DMT) model:
Fc − Fadh = 4
3
E∗
√
R (d− d0)3 (9.13)
with Fc−Fadh as force on the cantilever relative to the adhesion force, R the tip end radius
and d − d0 as sample deformation. E∗ is the reduced modulus which can be converted
into the Young's modulus of the sample E if the Poisson's ratio (ν) is known.
E∗ =
[
1− ν2
E
+
1− ν2tip
Etip
]−1
(9.14)
The mode provides data over a range of 700 kPa to 70 GPa after selecting and calibrating
an appropriate probe. In order to obtain absolute values tip end radius, spring constant
and deﬂection sensitivity must be determined during calibration.
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Adhesion
The force minimum in Figure 9.4 B is the adhesion. Its source are attractive forces between
tip and sample. According to surface energy arguments, adhesion is proportional to the
tip end radius. The work of adhesion is deﬁned as area below the zero force reference
and above the withdrawing curve. If the tip is functionalized the adhesion force becomes
a more important quantity as it represents intermolecular interactions and supports the
adhesion map with chemical information.
Dissipation
Dissipation is deﬁned as the energy dissipated in an interaction cycle and is calculated as
product of force and velocity in this period (see Equation 9.15).
D =
∫
~Fd~z =
∫ t
0
~F~vdt (9.15)
with ~z as displacement vector. As every half cycle the velocity inverts its direction the
integral yields zero if loading and unloading curve overlap. Energy dissipation can be
understood as mechanical energy loss per tapping cycle.
Deformation
Penetration of the tip into the surface at the peak force is deﬁned as deformation. With
increasing load on the tip the load on the sample and the deformation increase including
elastic and plastic contributions. Deformation can be converted into sample hardness if
tip shape and contact area are known. Errors in this measurement may arise from the
fact that the tip ﬁrst contacts the surface at the jump-to-contact-point rather than at
zero cantilever deﬂection.
9.2 Tensiometry
A general introduction into tensiometry can be found in reference.276
9.2.1 Contact Angle Measurement
Ideal Contact Angle: Young Equation
Already in 1805, Thomas Young developed a relation between the contact angle and
interfacial tensions in the contact point of solid, liquid and vapor phase.277 Figure 9.5
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illustrates this relation for a drop resting on a surface. Three interfacial tensions char-
acterize a three-phase wetting system: solid-vapor γsv, solid-liquid γsl and liquid-vapor
γlv.
solid
vapor
liquid
sl sv
lv

Figure 9.5: Liquid drop resting on a solid surface with contact angle θ and interfacial
tensions γlv, γsl and γsv between solid, liquid and vapor phase. Figure was
adapted from reference.278
The Young equation correlates contact angle θ to interfacial tensions.
γsv = γsl + γlv cos θ (9.16)
The equation is valid for an ideal solid surface, which is deﬁned as smooth, rigid, chemically
homogeneous, insoluble and non-reactive. Meeting those requirements, an ideal contact
angle is obtained from Equation 9.16. As the Young model depends only on physico-
chemical phase properties, the contact angle represents the state of the system with
minimal Gibbs energy. The ideal system shows only one thermodynamically stable contact
angle, often denoted as equilibrium contact angle.
Besides partial wetting of the surface with the liquid by forming a ﬁnite contact angle,
complete wetting is also possible (θ=0◦). The Young equation is then simpliﬁed to (see
Equation 9.17):
γsv = γsl + γlv (9.17)
Contact Angle Hysteresis
Contact angle measurements require clean experimental conditions, as the Young equation
is derived under assumption of an ideal solid surface. As most liquid-solid systems fail to
meet conditions of ideality (e.g. smoothness, rigidity, homogeneity), a number of stable
angles can be measured,278280 i.e. the Gibbs energy curve for a drop on a real surface
exhibits multiple minima.281 Two reproducible angles are the largest and the smallest. θA
is the maximum possible value and called advancing angle, while θR is the minimum value
and called receding angle. The names originate from a measurement of θA by advancing
the liquids periphery over the solid and of θR by withdrawing it. The diﬀerence between
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these to angles is referred to as contact angle hysteresis H (see Equation 9.18):
H = θA − θR (9.18)
Hysteresis of one or two degrees maybe within experimental uncertainties. Larger hystere-
sis is explained by roughness, chemical contamination and heterogeneity of solid surfaces
and solutes in the liquid. Tadmor282 derived an expression to calculate the equilibrium
contact angle θ0 from advancing and receding angles (Equation 9.19):
θ0 = arccos
(
ΓA cos θA + ΓR cos θR
ΓA + ΓR
)
(9.19)
with
ΓR =
(
sin3 θR
2− 3 cos θR + cos3 θR
)1/3
(9.20)
and
ΓA =
(
sin3 θA
2− 3 cos θA + cos3 θA
)1/3
(9.21)
Tadmor explains the hysteresis with the line energy Γ associated with the three phase
contact line. This energy is a result of defects and imperfections of the surface and the
value scales with local defect concentration. Additionally, diﬀerent line energies can be
found for diﬀerent spots on the sample, if the type of defect and its concentration varies.
Surface defects determine contact angle deviations from the equilibrium angle and act to
pin the contact line (pinning eﬀect). Motion of the contact line upon changing the drop
size is described as slip-stick motion.281 Furthermore, with line energy being proportional
to the cube root of the drop volume, hysteresis will be smaller for drops of greater volume.
Tadmor also explains the eﬀect that drops of high contact angle roll oﬀ a surface easily,
while drops with smaller angles often are less likely to slide down: The value of the line
energy for contact angles θ > 90◦ decreases with increasing contact angle and reaches zero
for θ = 180◦.
Wettability
In order to understand wettability,278 one has to quantitatively understand the depen-
dence of the contact angle θ on chemical constitution of solid and liquid phase. Solids are
typically divided into hard solids of covalent, ionic or metallic character, and weak molecu-
lar crystals bound by van der Waals forces and hydrogen bonds. They can also be classiﬁed
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due to their surface energies280,283 (hard solids: high energy surfaces, γ = 0.5− 5 J/mm2;
molecular solids: low energy surfaces, γ < 0.1 J/m2;). In most cases liquids completely
wet high-energy surfaces, when van der Waals forces between liquid and solid exceed the
intermolecular van der Waals forces of the liquid. On the other side, low-energy surfaces
lead to partial or complete wetting depending on the chosen liquid. The degree of wetting
depends on polarizability of the solid, dipolar interactions and hydrogen bonds between
liquid and solid.
Fox et al.284 were the ﬁrst among others285,286 to develop a theory for surface classiﬁcation.
They correlate contact angle data to the surface free energy γs of the solid and other
properties, such as adhesion. One has to measure θ for a series of liquids on a solid
and plot cos θ against the surface tension γl of the liquid (Fox-Zisman plot). Linear
extrapolation of the plot (see Equation 9.22) gives a critical value γc of γl which is a
measure of the surface free energy of the solid.
cos θ = 1− b (γl − γc) (9.22)
A molecular liquid completely wetting a low-energy surface has to be chosen according to
its surface tension (γl < γc).
Nowadays, atomic force microscopy is used to determine the surface energies of various
materials via adhesion force measurements.287,288 This method is especially suitable for
non-standard samples (rough, porous samples; samples sensitive to liquid probes;) and
provides micro- and nanoscale characteristics.
Measurement Setup
Static contact angle measurements were performed in sessile drop conﬁguration with the
following setup (see Figure 9.6): The sample lies on a stage, moveable in x-, y- and
z-direction, when a drop with constant volume is generated by the dosing system (auto-
mated syringe with needle) and placed on the surface. During measurement the syringe
is retracted from the droplet to avoid droplet deformation. A light source illuminates the
droplet from one side, while a CCD camera records an image of the backlit droplet for
further analysis.
Drop Shape Analysis
Basis for determination of the contact angle is the image of the droplet on the surface.
Usually, the software analyses grey scale values of image pixels and identiﬁes drop contour
and baseline with the substrate. In order to extract the contact angle, parameters of
diﬀerent geometric models are adapted to the drop contour. The models diﬀer insofar as
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Figure 9.6: Scheme of contact angle measurement setup with sessile drop.
the whole contour, a part of the contour or the area of the three-phase contact point is
used for evaluation.
An advanced method is Young-Laplace ﬁtting, including gravitational forces on the drop.
The Young-Laplace equation correlates interfacial tension with the shape of a liquid sur-
face (Equation 9.23):
γ
(
1
R1
+
1
R2
)
= ∆p (9.23)
with γ as interfacial tension, R1 and R2 as main curvature radii of surface or surface
segment and ∆p as pressure diﬀerence across the curved surface. Development of the
Young-Laplace equation for sessile drops can be found in the appendix. By parameter
variation the software determines theoretical drop proﬁles via numerical integration. If
the theoretical proﬁle matches the measured proﬁle the interfacial tension is calculated.
9.2.2 Interfacial Tension Measurement
A variety of techniques is used for interfacial tension measurements289,290 in ﬂuid-ﬂuid
systems. They can be classiﬁed into direct measurements with microbalances, measure-
ment of capillary pressure, analysis of capillary-gravity forces and gravity-distorted and
reinforced distorted drops.
As a representative of gravity-distorted drops, the pendant drop method is described
here.289,291,292 Interfacial tension is the reason for interfaces to act like elastic membranes
compressing liquids. Absent other forces, the liquid surface tends to form spherical shapes
to minimize the interfacial area per unit volume of liquid (minimum of excess energy of
interface). In presence of gravitation the interfacial shape depends on competition between
107
9 Methods
capillary and gravitational forces described by (see also Section 11.2):(
1
R1
+
1
R2
)
γ =
2γ
b
+ ∆ρgz (9.24)
with interfacial tension γ, radii of curvature R1 and R2, radius of curvature at the apex b,
acceleration due to gravity g, density diﬀerence of ﬂuids ∆ρ and position z on the drop.
Measurement Setup
For interfacial tension measurements a setup similar to Figure 9.6 is used. Instead of the
drop being dispensed on a solid substrate, the canula of the dosing system is lowered into
a cuvette and a droplet is inﬂated at the tip of the canula in a surrounding medium. The
two phases (drop and medium) must be immiscible and diﬀer in density with the drop
phase having higher density than the surrounding medium. For further analysis the shape
of the backlit droplet is captured with a CCD camera.
Drop Shape Analysis
The degree of variation of the pendant drop from a spherical drop correlates to drop
weight and interfacial tension. For a known density diﬀerence between the phases surface
tension can be calculated289 by
γ =
∆ρgD2
H
(9.25)
with the equatorial drop diameter D and an empirical shape dependent parameter H.
First the magniﬁcation of the video is determined to access the drop dimensions. Then
drop shape is evaluated by gray level analysis. With a numerical method the shape pa-
rameter is varied until the calculated drop shape ﬁts the actual drop shape. Consequently,
interfacial tension is calculated with the adapted shape parameter.
9.3 Grazing Incidence Small Angle X-ray Scattering
Grazing incidence small angle x-ray scattering (GISAXS)258,293,294 is a powerful tool to
determine sample surface structures295297 over a large area and to reveal inner material
structures.298 Figure 9.7 illustrates the geometry of a GISAXS experiment.
Under a very small incident angle αi < 2◦ a monochromatic x-ray beam with wavevector
ki is directed on the sample surface. The coordinate system is chosen in a way that the
beam follows the x-axis parallel to the surface, the y-axis is perpendicular to the beam
direction and the z-axis is normal to the sample surface. The detector is located in the
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Figure 9.7: Geometry of small angle x-ray scattering experiment under grazing incidence.
Figure was adapted from reference.293
yz-plane and collects the intensity of the scattered beam at vertical exit angle αf and
horizontal scattering angle 2θf . GISAXS is a combination of grazing incidence diﬀraction
(GID) and small angle x-ray scattering (SAXS). The method is fast and non-destructive
for a large sample area with constant, adjustable penetration depth by the incident beam.
Measurement data is provided in q-values. The scattering wavevector q is deﬁned for the
three spatial directions by:
qx,y,z =
−→
ki −−→kf = k0

cosαf cos 2θf − cosαi
cosαf sin 2θf
sinαf + sinαi
 (9.26)
with
−→
ki and
−→
kf as wavevectors of incident and scattered wave. Upon contact with a
sample with refractive index n the incident x-ray beam is reﬂected and refracted. The
term reﬂection describes the detection of intensity for αi = αf , i. e. the incident angle of
the incident beam equals exit angle of the reﬂected beam. Diﬀuse scattering is detected
for exit angles of αi 6= αf . Material reﬂectivity provides information about electron
density ﬂuctuations in z-direction and ﬁlm thickness. Diﬀuse scattering is caused by
lateral inhomogeneities on the sample surface and gives insight into surface roughness,
size and shape of structures and lateral correlations. The isotropic refractive index of a
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material for photons in the energy range of 0.1-10 keV is given by (Equation 9.27):299
n = 1− δ + iβ (9.27)
with dispersion part δ and absorption part β (see Equations 9.28 and 9.29).
δ =
λ2
2pi
reρe
N∑
i=1
f 0i + f
′
i (E)
Z
(9.28)
β =
λ2
2pi
reρe
N∑
i=1
f
′′
i (E)
Z
=
λ
4pi
µ (9.29)
with the electron radius re = 2, 814 ·10−5 Å, the electron number Z =
∑
f Zf , the electron
density ρe and the linear absorption coeﬃcient µ. The factors fi depend on −→q and are
neglectable for small angles (fi ≈ Zi). It follows:
n = 1− λ
2
2pi
reρe + i
λ
4pi
µ (9.30)
With typical values δ ≈ 10−6 the real part of the refractive index is smaller than 1. As β
(≈ 10−8) is even smaller than δ, it is set zero and a critical angle αc is found whereunder
total reﬂection is observed (see Equation 9.31).
cosαc =
n
n0
(9.31)
with n as refractive index of the material and n0 as refractive index of air. For small angles
and with n = 1− δ, critical angle and scattering vector are deﬁned as (see Equations 9.32
and 9.33):
αc =
√
2δ = λ
√
reρe
pi
(9.32)
qc =
4pi
λ
sinαc (9.33)
If the incident angle is smaller than the critical angle (αi < αc), the intensity of the
transmitted beam is very low compared to the strongly reﬂected beam. The beam pen-
etrates the sample to a depth of few nanometers, controlled by the angle. At a deﬁned
penetration depth Λ the intensity of the transmitted beam has decreased to 1/e:
Λ =
λ
4piαc
(9.34)
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If αi > αc, the beam passes through the sample. The intensity of the transmitted beam is
high compared to the reﬂected beam. With increasing incident angle the intensity of the
reﬂected beam decreases. In order to probe the inner structure and obtain information
about the full thickness range of a sample the incident angle has to be above the critical
angle.
For αi = αc, the refractive wave propagates parallel to the sample surface. Thereby, the
intensity of the signal is increased (Yoneda peak) compared to the incident beam.
Upon its way through the sample the refracted and transmitted x-ray beam interacts
with sample electrons. Microscopic order in the sample leads to interference detectable in
characteristic scattering patterns. This method of data acquisition is similar to SAXS. A
transfer of θf and αf data into reciprocal space provides a qy − qz map of the scattering
vector −→q . By cuts through the map single components can be separated. Horizontal cuts
with constant qz provide curves analog SAXS measurements and contain information
about internal structures and distances. Vertical cuts with constant qy provide GID data
and contain information about surface roughness and ﬁlm thickness.
Scattering intensity Is(−→q ) for lateral electron density ﬂuctuations on the surface are
described by Equation 9.35:
Is(
−→q ) = 〈|F |2〉S ′(q‖) (9.35)
with form factor F and total interference function S ′ describing spatial arrangement of
objects on the surface and their lateral correlations. According to the Born approximation
F is the Fourier transformation of the shape function of objects (see Equation 9.36).
F (−→q ) =
∫
V
exp(i−→q · −→r )d3r (9.36)
In the more complex distorted wave Born approximation reﬂection and refraction eﬀects
at the surface are also considered.
GISAXS experiments were performed at the Advanced Photon Source (APS) at Argonne
National Laboratory, Illinois. Samples were characterized with monochromatic x-ray ra-
diation (λ = 0.16868 nm, beam size 50 µm · 50 µm) under an incident angle αi = 0.2◦.
The probed sample area had a size of 50 µm · 2 cm. Strong scattering and incident beam
reﬂections were blocked using a vertical beam stop between sample and detector. Samples
were mounted in a way that the surface pattern was aligned parallel to the direction of
the beam.
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9.4 Scanning Electron Microscopy
Scanning electron microscopy258,260,300304 (SEM) images surface topography and compo-
sition of a sample by detecting the interaction of the sample with an electron beam. In
the process, a lateral resolution in the nm-range is obtained. Figure 9.8 shows the instru-
mental setup.
cathode
anode
condensor lenses
electron beam
objective aperture
astigmatism coils
deflection coils
objective lens
sample on stage
high vacuum environment
detectors
Figure 9.8: Scheme of scanning electron mircoscope. Figure was adapted from refer-
ence.258
The electron beam, generated at the electron gun, is accelerated down the column. Gener-
ally, three types of electron guns provide a stable beam of electrons with adjustable energy.
Cathodes constist of a Tungsten hairpin, Lanthanum hexaboride or a ﬁeld emission gun.
The latter cold-cathode type produces an electron beam with small diameter, high coher-
ence and greater current density than produced with former thermionic emitters. The
ﬁeld emission gun consists of a sharp Tungsten tip with a radius of less than 100 nm.
Between tip and ﬁrst anode a potential diﬀerence is established (extraction voltage). The
electric ﬁeld facilitates emission of electrons, which are accelerated by a potential diﬀer-
ence between tip and second anode (acceleration voltage). With increasing acceleration
voltage the penetration power of the electrons increases. A set of electromagnetic con-
densers, objective lenses and apertures control the beam diameter and focus the beam on
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the sample. A pair of deﬂector coils is responsible for scanning the focused beam across
the sample, which is mounted on a stage for accurate positioning (x-, y-, z-direction) and
orientation (tilt). The device is operated at high vacuum to avoid unwanted electron scat-
tering at environmental gas molecules. From the area of beam-sample interaction several
types of signals are detected and processed into images or spectra.
Manfred von Ardenne305 was the ﬁrst to study the various beam-specimen interactions.
The beam interacts with sample nuclei and electrons resulting in backscattered electrons,
secondary electrons, x-rays, Auger electrons and cathodoluminescence.
If beam electrons interact with the electric ﬁeld of a sample nucleus, the direction of
the beam electrons may change without a signiﬁcant change in energy (elastic event).
Electrons deﬂected back from the sample are termed backscattered electrons (BSE). Their
energy ranges from 50 eV to nearly incident beam energy, most BSE retain 50% of the
initial energy. Inelastic events occur for beam electrons interacting with electric ﬁelds of
sample electrons. Energy is transferred to a sample atom and results in expulsion of an
electron from the atom (secondary electron, SE). Their energy is smaller than 50 eV.
Filling the electron vacancy of the sample atom with an electron from a higher level gen-
erates a characteristic x-ray with the energy of that transition. Furthermore, emission of
photons during recombination of excited electrons and beam induced electron vacancies is
possible (cathodoluminescence). Is the energy of recombination transferred to an electron,
which subsequently is expulsed from the atom, one speaks of Auger electrons.
Contrast & Signal Detection
With SEM two types of contrast are obtained due to the origin of the electrons (BSE or
SE).
Compositional contrast results from diﬀerent numbers of BSE emitted from sample
areas with diﬀerent atomic number. As the backscatter coeﬃcient increases with increas-
ing atomic number, elements with high atomic number appear bright in the image. Great
contrast is gained from elements with widely separated atomic numbers. BSE detectors
are arranged above the sample concentric with the electron beam. Collection of electrons
symmetrically about the beam results in atomic number contrast. Additionally, strong
topographic contrast is produced upon asymmetrical collection of BSE (from one side
above sample). Then the contrast results from illumination of the sample topography
from that side.
Topographic contrast depends on the number of SE and BSE emitted from diﬀer-
ent sample areas and under diﬀerent incident angles between primary beam and sample
surface and the trajectories the scattered electrons follow in respect to the detector loca-
tion. A typical detector for SE consists of a scintillator and a photomultiplier (Everhart-
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Thornley detector). The scintillator accelerates electrons by a high voltage and transforms
them into photons. (Interference with the primary beam is prevented by a Faraday cage
at low positive voltage attracting low energy SE.) By a lightguide the photons are fed
into a highly eﬃcient photomultiplier for ampliﬁcation.
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10.1 Chemicals & Materials
Polished and etched silica wafers (orientation 100, p-type (boron), resistance 1-40 Ohmcm)
were purchased from CrysTech, cut into substrates of 0.5 cm · 0.5 cm and cleaned with
toluene (Aldrich, anhydrous, 99.8%) and SnowJet
TM
.
Silica particles wih Ø=300, 400, 500, 700, 1100 nm were purchased as aqueous dispersions
from Microparticles, silica particles with Ø=50, 100 nm were purchased from Polysciences
Inc. and diluted with Mili-Q water. Amine-functionalized silica particles (SiO2NH2) with
a diameter of 500 nm were purchased from Polysciences Inc.
Poly(diallyl dimethyl ammonium chloride) (PDADMAC), Poly(styrene sulfonate) (PSS)
and Poly(ether imine) with molecular weights of 100-200 kg/mol, 75 kg/mol and 25 kg/mol,
respectively, were purchased from Aldrich. 1 mg/ml PEI was dissolved in water. For
PDADMAC and PSS solutions of 1 mg/ml in 0.5 M NaCl solution were prepared.
Acetic acid (99.7%), Sodium acetate (99.0%), monobasic and dibasic potassium phosphate
(99.0%), hydrochloric acid (36-38%), ammonia (99.95) and n-octyltriethoxysilane (97,5%)
were purchased from Sigma Aldrich.
The monomers N -vinylcaprolactam (VCL), acetoacetoxyethyl methacrylate (AAEM), N -
isopropyl acrylamide (NiPAAm) and N -isopropyl methacrylamide (NiPMAAm) were ob-
tained from Aldrich, puriﬁed by conventional methods and vacuum distilled under nitro-
gen. The initiator 2,2'-azobis-2-methylpropionamidine dihydrochloride (AMPA) and the
crosslinker N,N' -methylene bisacrylamide (MBA) were purchased from Aldrich and used
as received.
Gold(III) chloride hydrate (99.999%) and trisodium citrate dihydrate (99%) were used
from Aldrich. n-Heptane was used from VWR (Analar Normapur, 99%).
6Parts of this chapter were published in references.17,61,69,163,222 This chapter hence contains text pub-
lished therein.
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10.2 Characterization of SiOx Layer
For the characterization of the thin oxide layer generated on PDMS surfaces by plasma
treatment contact angle measurements and quantitative nanomechanical mapping was
performed.
For the contact angle measurements PDMS stripes (0.5 cm · 3 cm, for preparation see
Section 10.3) were treated with air plasma (100 W, 0.2 mbar) for 30, 45, 60, 90, 135, 180,
240, 300 and 450 s. Sessile drop measurements with a water drop volume of 3 µl were
performed 14 days and 49 days after sample preparation. For each measurement a 30 s
video of the droplet sitting on the PDMS surface was recorded and ﬁttet to exclude time
dependent changes of the contact angle due to solvent evaporation. For each sample 3 to
5 measurements were averaged. Values of the contact angle are an average of the left and
right contact angle.
For nanomechanical mapping PDMS stripes (0.5 cm · 3 cm) were treated with air plasma
(100 W, 0.2 mbar) for 15, 30, 45, 60, 120 and 300 s with and without shielding the
sample surface with a silicon wafer at a distance of 1 mm. PeakForceTMmeasurements
were performed with a ScanAsyst probe (spring constant 0.5514 N/m, tip radius 2.06 nm)
at a feedback gain of 31.7 with a peak force setpoint of 2.892 nN, an amplitude of 150 nm,
frequency of 2 kHz and lift height of 51 nm. Scan size was 3 µm. For each sample three
images were taken and evaluated by reading out the value of the DMT modulus channel.
Due to the absolute calibration method (spring constant, tip radius, deﬂection sensitivity
determination) quantitative values are obtained.
10.3 Wrinkling
10.3.1 Substrate Preparation
For standard Poly(dimethylsiloxane) substrates monomer base and crosslinker of
Sylgard 184 Elastomer Kit (Dow Corning) are thoroughly mixed in a weight ratio of 10:1.
The mixture is poured into a levelled square Polystyrene (PS) petridish up to a height of 2
to 3 mm. For a 14 cm · 14 cm petridish 33 g monomer base and 3.3 g crosslinker are used.
After degassing overnight at ambient conditions, crosslinking of PDMS is performed for
2 h at 80 ◦C. After cooling, the edging is cut oﬀ and the substrate is cut into 0.5 cm · 3 cm
pieces for further use. For the two-dimensional stretching apparatus sqaure samples with
edge length 2.4 cm are prepared.
For particle-incorporating PDMS a square PS petridish is activated for 60 s with
plasma. Aqueous silica particle dispersions are spincoated (2000 rpm, 60 s, 800 rpm/s)
onto the petridish. In the leveled particle-decorated petridish PDMS is prepared as de-
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Table 10.1: Silica particle dispersions used for particle-incorporating PDMS.
Sample Size, nm Concentration, wt% Volume, ml Petridish
SP1 1100 1.7 1.5 PS, square
SP2 500 1.7 1 PS, round (9 cm)
SP3 1100 0.6 1.131 PS, round (9 cm)
scribed above. Informations concerning the particle dispersions can be found in Table
10.1. For SP3 the particle dispersion is spread on an activated petridish and dried at
ambient conditions on a rocker.
For PDMS with hole defects a silicon wafer with a diameter of 14 cm is activated
for 60 s with plasma. In order to generate a positive charge on the wafer surface 5 ml
of PDADMAC solution were adsorbed for 15 min. After thorough rinsing with Mili-Q
water, the wafer is dried under ambient conditions. In the next step, silica particles were
distributed on PDADMAC-coated silicon wafers by spin coating (2000 rpm, 60 s, 3 ml
particle solution). Particle diameters and concentrations were varied as follows: 50 nm,
0.01 wt%; 100 nm, 0.1 wt%; 300 nm, 0.25 wt%, 0.5 wt%; 520 nm, 0.75 wt%. For ﬁxation
of the silica particles on the wafer surface, the samples were sintered at 1100 ◦C for
30 min at a heating rate of 10 ◦C/min. Subsequently, the particle-decorated wafers were
silanized over night with n-octyltriethoxysilane in a desiccator. Five droplets of silane
were provided at the desiccator bottom and silanization was carried out from the gas
phase. The hydrophobization leads to weaker interaction between PDMS and wafer and
simpliﬁes removal of the PDMS substrates from the wafer. Then, the wafer is placed in
a petridish and covered with a 3 mm thick PDMS layer which is crosslinked at 80 ◦C for
2 h.
10.3.2 Wrinkle Preparation
Linear wrinkles
For linear wrinkles, i.e. wrinkles with constant wavelength and amplitude, a PDMS
substrate (0.5 cm · 3 cm) is clamped in a custom-made stretching apparatus (see Fig-
ure 10.1(A)) and stretched to 130% of the original length. After exposure to air or
oxygen plasma (Plasma Activate Flecto 10 USB, 100 W, 0.2 mbar) for an exposure time
between 15 and 900 s the sample is relaxed slowly. For further use the samples are placed
on glass supports.
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A
2 cm
B 2 cm
Figure 10.1: Images of one (A) and two dimensional (B) stretching apparatuses.
Zigzag wrinkles
For zigzag wrinkles a square PDMS substrate is clamped in the two dimensional stretching
apparatus (see Figure 10.1 B) and stretched in each direction to 130% of the original
length. After plasma exposure the samples are relaxed slowly, either both directions
simultaneously or subsequently.
Tiny wrinkles
For preparation of tiny wrinkles the PDMS surface is shielded during plasma exposure.
Standard PDMS substrates are clamped in the one-dimensional stretching apparatus.
After stretching to 130% of the original length a rectangular silicon wafer with 1 mm
spacer at each end is placed on the substrate (see Figure 10.2 A). The wafer is removed
prior to sample relaxation.
PDMS
wafer
spacerA B
stretching
PDMS
wafer
spacer
stretching
Figure 10.2: Shielding setup for preparation of tiny (A) and gradient wrinkles (B) with
height of the spacer of 1 or 2 mm.
Gradient wrinkles
For gradient wrinkles a rectangular silicon wafer with a spacer of 1 mm attached to one
end is placed on the middle of a clamped and stretched sample. At one end the wafer
118
10.4 Wetting of Wrinkles
is resting directly on the sample, while at the opposite end a distance of 1 mm between
wafer and sample is produced (see Figure 10.2 B). After exposure to plasma the silicon
wafer is removed prior to sample relaxation.
Spatially deﬁned wrinkles
For a spatial deﬁnition of wrinkles either a piece of silica wafer was placed on the clamped
and stretched substrate or part of the substrate was masked with sticky tape. After
plasma treatment, wafer and sticky tape were removed prior to sample relaxation.
Wrinkles with Hole Defects
Wrinkles with hole defects were prepared from PDMS with hole defects (see above). Round
PDMS samples were punched out with a cylinder and clamped in a special stretching
apparatus for radial stretching. The round substrate is clamped between to ﬁxation rings.
From below the substrate a cylindrical stamp is driven against the substrate to induce
deﬁned radial stretching. From the initial level, the stamp is raised for 3, 5 and 7 mm,
while plasma treatment time is varied (30-450 s).
Characterization
All diﬀerent wrinkle substrates were characterized by AFM (Veeco Dimension ICON with
OTESPA tips (278-357 kHz, 12-103 N/m)) in tapping mode.
10.4 Wetting of Wrinkles
Measurements were performed in sessile drop geometry and Mili-Q-water as dispensed
medium on a DSA 100 tensiometer from KRÜSS with a blunt end canula (diameter
0.517 mm).
10.4.1 Contact Angle Measurements on Wrinkles
For contact angle measurements standard linear wrinkles were prepared as mentioned
above with plasma treatment times between 30 and 450 s. As reference samples planar
PDMS substrates were treated with the same plasma doses and also untreated PDMS
was used.
Droplets of 3 µl were dispensed on the sample through a syringe from above and a video of
the droplet was taken for 30-60 s to exclude measurement errors due to droplet evaporation.
At least 5 spots on each sample were measured. For wrinkled substrates measurements
parallel and perpendicular to the wrinkle direction were distinguished. Between single
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measurements the samples were dried with compressed air. For planar, plasma treated
PDMS measurements were performed 14 d and 49 d after sample preparation. Wrinkles
were characterized 18 d after preparation. Contact angles were extracted from videos with
Laplace ﬁts (> 90◦).
10.4.2 Contact Angle Measurements on Wrinkle Gradients
For contact angle measurements gradient wrinkles with 300 s and 450 s plasma treatment
and 1 mm shielding were prepared as described above and characterized at the same day.
Droplets of 2 µl were inﬂated at a rate of 300 µl/min and then slowly brought in contact
with the surface. Wetting behaviour was recorded in 60 s videos (750 frames). Measure-
ments were performed parallel to the wrinkle direction. Between individual measurements
the samples were dried with compressed air. Contact angles were extracted from the videos
with Laplace ﬁts (> 90◦).
10.5 Assembly and Printing of Bioparticles using
Wrinkles
10.5.1 Assembly and Printing of TMV and PVX
For assembly and printing of TMV and PVX linear, standard wrinkles (15-90 s air plasma
treatment time) were used. Prior to further use, wrinkled substrates were hydrophilized
for 7 s with plasma.
Virus stock solutions with concentrations of 24 mg/ml for TMV and 15.5 mg/ml in water
were provided by Dr. U. Commandeur from Molecular Plant Biotechnology, Institute for
Molecular Biotechnology, RWTH Aachen University. Table 10.2 summarizes the prepared
virus solutions.
Viruses were assembled on wrinkles by spin coating or drying at ambient conditions. Spin
coating speed was chosen between 2000 and 3000 rpm (60 s, 50 µl particle solution). In
some cases samples prepared from buﬀered solutions were washed with Mili-Q water to
remove the salt and dried under ambient conditions.
For printing experiments (moulding) wrinkles and silicon wafers were hydrophilized by
plasma (7 s). 50 µl virus solution were dispersed on the silicon wafer and the wrinkles
placed on top of wafer and virus solution. After drying for 2-3 h wrinkles were stripped
from the wafers.
Wrinkled or particle decorated substrates and patterned silicon wafers were characterized
by AFM (Veeco Dimension ICON with OTESPA tips (278-357 kHz, 12-103 N/m)) in
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Table 10.2: Virus solutions with diﬀerent concentrations and pH values used for assembly
and printing experiments.
# Virus c, mg/ml pH Solvent
1 TMV 0.9 7 water
2 TMV 0.6 7 water
3 TMV 0.6 4 acetate buﬀer
4 TMV 0.6 8.7 phosphate buﬀer
5 PVX 0.9 7 water
6 PVX 0.6 7 water
7 PVX 0.6 4 acetate buﬀer
8 PVX 0.6 8.7 phosphate buﬀer
tapping mode. SEM measurements were performed on a Hitachi S-3000N, the samples
were sputtered with Au/Pt (10 s) at 1-1.5 kV and a working distance of 4 mm.
10.5.2 Micro Contact Printing of Hydrophobin
Hydrophobin (Protein H*B) was used from BASF. 10 mg/ml protein granulate was dis-
solved in water by vortexing. Protein solutions were prepared freshly at the day of use.
For micro contact printing of hydrophobin, clean silicon wafers were hydrophilized by 60 s
plasma treatment. Afterwards, 50 µl PDADMAC (1 mg/ml, 0.5 M NaCl) were adsorbed
on the wafer for 15 min, washed oﬀ with water and dried at ambient conditions. Standard
wrinkles were prepared as described above with plasma treatment time between 30 s and
300 s. Wrinkles were hydrophilized by 7 s plasma treatment prior to adsorption of 50 µl
hydrophobin solution. After 15 min excess hydrophobin were washed oﬀ with water and
the samples were dried. Hydrophobin coated wrinkles were placed on the PDADMAC
coated silicon wafers for 30 min. Finally, wrinkles were stripped from the wafers.
All samples were characterized by AFM (Veeco Dimension ICON with OTESPA tips
(278-357 kHz, 12-103 N/m)) in tapping mode.
10.6 Assembly of Isotropic Particles on Wrinkles
10.6.1 Microgels
Microgel Synthesis
VCL/AAEM, VCL/NiPAAm and VCL/NiPMAAm microgels were synthesized via precip-
itation polymerization as described elsewhere.171,216 Appropriate amounts of monomers
(see Table 10.3) and 0.06 g crosslinker (3 mol%) were added to 145 ml deionized water. A
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Table 10.3: Molecular composition, concentration and hydrodynamic radii. This table
was adapted from reference.163 Reprinted by permission of The Royal Society
of Chemistry.
Microgel Monomer ratio Monomers c Rh@25 ◦C
mol% g wt% nm
VCL/AAEM 90:10 1.877/0.338 1.5 208
VCL/NiPMAAm 83:17 1.872/0.342 1.5 312
VCL/NiPAAm 25:75 0.644/1.571 1.6 364
double-wall glass reactor with stirrer and reﬂux condenser was purged with nitrogen. The
monomer solution was placed in the reactor and stirred for 1 h at 70 ◦C under constant
nitrogen ﬂow. Then, 5 ml of aqueous initiator solution (5 g/l) were added under constant
stirring and reacted for 8 h. The gravimetrically determined yield of the polymerization
was 80%. The precipitation polymerization involves formation of microgel particles by a
homogeneous nucleation mechnism. The reaction is carried out above the volume phase
transition of the microgels, while the colloids are collapsed. Stable microgel dispersions
were obtained and puriﬁed by dialysis. Table 10.3 summarizes the properties of the micro-
gel dispersion and synthetic details. Size and temperature-sensitive behavior of microgels
was studied by dynamic light scattering (ALV Goniometer with scattering detection at
an angle of 90 ◦). Microgel samples were diluted with water and ﬁltered through 0.25 µm
PTFE ﬁlters. In order to determine the particle diameter in the adsorbed state, microgel
dispersions were spincoated (2000 rpm, 60 s, 50 µl) onto silicon wafers and characterized
by AFM.
Microgel Assembly and Printing
For microgel assembly standard wrinkles were used (75-480 s air plasma, 0.2 mbar, 130%
stretching, 100 W) and gradient wrinkles (150-450 s, 1 mm shielding distance, air plasma,
0.2 mbar, 130% stretching, 100 W). For the assembly in the wrinkle grooves, microgel
particles were spincoated onto the substrates. To ensure a hydrophilic surface, the sub-
strates were activated by a 7 s air plasma treatment. Subsequently, 50 µl microgel solution
were spincoated onto the wrinkles at 3000 rpm for 60 s. Printing of microgels on silicon
wafers was carried out directly after spincoating. The silicon wafers were hydrophilized
by plasma (7 s) prior to use. The particle decorated wrinkles were pressed on the wafer to
ensure conformal contact and dried at room temperature for few hours. Last, the wrinkles
were stripped from the wafer.
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UV-crosslinking of Microgels
For crosslinking, the microgel decorated wrinkle samples were placed under an UV-lamp
(Panacol UV-F 400 F, 450 W, λ = 325− 380 nm) at a distance of 12 cm and illuminated
for 30 min. For release of the particles from the substrate, the samples were stretched
and wetted with a water droplet (20 µl). With a pipette the particles were transferred
onto TEM grids or silicon wafers for further characterization.
Characterization
Wrinkled or particle decorated substrates and patterned silicon wafers were characterized
by AFM (Veeco Dimension ICON with OTESPA tips (278-357 kHz, 12-103 N/m)) in
tapping mode. For SEM measurements, performed on a Hitachi S-3000N, the samples
were sputtered with Au/Pt (10 s) at 1-1.5 kV and a working distance of 8 mm. For
TEM measurements (Zeiss Libra 120), aqueous particle solution (5 µL) was dropped on
a carbon coated copper grid, dried and examined at 120 kV in bright ﬁeld mode. The
GISAXS measurements were performed at the Advanced Photon Source (APS) at Argonne
National Laboratory, Illinois. The samples were characterized with monochromatic x-ray
radiation (λ = 0.16868 nm, beam size 50 µm · 50 µm2) under an incident angle αi = 0.2◦.
The probed sample area had a size of 50 µm · 2 cm. Strong scattering and incident
beam reﬂections were blocked using a vertical beam stop between sample and detector.
The samples were mounted in a way that the stripes of the surface pattern were aligned
parallel to the direction of the beam.
10.6.2 Silica Particles
Aqueous dispersions of silica particles with ∅=400 nm and 700 nm were diluted to 4 wt%
with Mili-Q water. The particles were assembled on wrinkle gradients (450 s, 1 mm shield-
ing distance, air plasma, 0.2 mbar, 130% stretching, 100 W) by spincoating (3000 rpm,
60 s, 50 µl). The particle decorated substrates were characterized by AFM (Veeco Dimen-
sion ICON with OTESPA tips (278-357 kHz, 12-103 N/m)) in tapping mode.
10.7 Patchy Particles: Wrinkles as Templates for
Particle Synthesis
Wrinkles
For the preparation of SiO2NH2-Au patchy particles standard wrinkles (150 s, 600 s and
900 s plasma treatment) were prepared as described above.
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Synthesis of colloidal gold
For the synthesis of gold nanoparticles246,306 0.044 mmol gold(III) chloride hydrate and
0.147 mmol trisodium citrate dihydrate were dissolved in 5 ml and 15 ml Milli-Q water,
respectively. The gold solution was poured into 85 ml of boiling Milli-Q water. The cit-
rate solution was added under vigorous stirring and the reaction mixture was boiled for
10 min. The color of the reaction solution changed from colorless to black to purple indi-
cating nanoparticle formation. The particle solution was used without further puriﬁcation.
Concentration was determined gravimetrically to 0.36±0.12 mg/ml.
Preparation of SiO2NH2-Au patchy particles
Amine-functionalized silica particles (SiO2NH2, diameter 500 nm) were dried on wrinkled
substrates to obtain particle alignment in the grooves. 50 µl of aqueous particle dispersion
(0.075 wt% for 150 s wrinkles, 0.05 wt% for 600 s and 900 s wrinkles) were dispensed on
hydrophilic wrinkles and dried under ambient conditions. For the adsorption of gold
nanoparticles on aligned SiO2NH2 particles 50 µl solution were spread on the particle
decorated substrate. After 10 min of adsorption excess solution was washed oﬀ with 2 ml
of Milli-Q water and the substrates were dried under ambient conditions. To release the
SiO2NH2-Au patchy particles from the wrinkles two approaches were used. The substrates
were repeatedly wetted with 30 µl Milli-Q water. Wetting was iterated ﬁve times per
sample to obtain a total of 150 µl particles solution. Otherwise wrinkled substrates were
placed in an Eppendorf tube ﬁlled with 1 ml Milli-Q water and treated with ultrasound
for 5 min. The process was repeated for up to ten samples without exchanging the water.
Characterization of SiO2NH2-Au particles and precursors
TEM measurements of gold nanoparticles were performed on a Zeiss Libra 120 device. Ac-
celeration voltage was adjusted to 80 kV. In the TEM column the pressure was 5·10−7 bar
in the sample and beam stage and 10−4 bar in the camera stage. Aqueous samples were
dried on carbon-coated copper grids.
UV-Vis analysis of gold nanoparticles was performed on a Thermo Scientiﬁc Evolution
300 UV-Visible spectrophotometer. 1 ml gold solution was placed in a PMMA cuvette
and measured against Milli-Q water as reference.
Zetapotential of SiO2, Au-NP, SiO2NH2 and SiO2NH2-Au (1.17) solutions at diﬀerent pH
were measured with a Zetasizer Nano Series from Malvern. 1 ml aqueous solution with set
pH value (3-11, adjusted with HCL and NH3 and 100 µl of SiO2 or SiO2NH2 dispersion
(1 wt%) were mixed and equilibrated prior to measurement. For Au-NP and SiO2NH2-Au
(1.17) particles zetapotential titration was performed, where pH is automatically adjusted.
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Approximately 10 runs were taken after sample equilibration. The average values are
reported here.
Pendant drop measurements were performed with a KRÜSS DSA 100 tensiometer oper-
ated with a CCD-camera for drop-image processing and "Drop Shape Analysis" software
using Young-Laplace ﬁts. Small blunt-end cannulas of 1.828 mm diameter were used.
Patchy particles were dispersed in water and made up the drop phase. n-Heptane was
used as ambient phase. For interfacial tension measurement of SiO2NH2-Au (1.17) at
pH=3, patchy particles were released from wrinkled substrates with acidiﬁed (HCl) wa-
ter and used without further puriﬁcation. So, extensive dilution of the sample by pH
adjustement is avoided. Concentrations of the patchy particles were 0.14-0.25 mg/ml.
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11.1 Derivation of Wrinkling Equations
Surface wrinkling is described using a force balance approach34 involving ﬁlms (plates)
on semi-inﬁnite substrates (plane-strain conditions). The classical equation for bending
a stiﬀ ﬁlm (layer) on an elastic substrate is:
ElI
d4z
dx4
+ F
d2z
dx2
+ kwz = 0 (11.1)
with E = E/(1− ν2) the plane-strain modulus, E the Young's modulus, ν the Poisson's
ratio, I = wh3l /12 the momentum of inertia (w: ﬁlm width, hl ﬁlm thickness), F the
uniaxially applied force, kw the Winkler's modulus of an elastic half-space (kw = Eswpi/λ).
Subscript l and s denote layer and substrate. The z-axis proceeds normal to the surface
and the x-axis parallel to the direction of F .
First and third term of Equation 11.1 belong to classical Euler-Bernoulli beam-bending
equation correlating bending forces in the thin layer with the normal force distribution
caused by substrate deformation. The second term considers eﬀects of the force on the ﬁlm.
Wrinkling involves a balance of force between ﬁlm bending (suppressing short wavelengths)
and substrate deformation (suppressing large wavelengths). Under the assumption of a
sinusoidal vertical ﬁlm deﬂection (Equation 11.2)
z(x) = A sin
2pix
λ
(11.2)
Equation 11.1 can be written as:
16ElI
(pi
λ
)4
z − 4F
(pi
λ
)2
z + Esw
(pi
λ
)
z = 0 (11.3)
Solution for the applied force is:
Fapp = 4ElI
(pi
λ
)2
+
Esw
4
(pi
λ
)−1
(11.4)
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Diﬀerentiation of Equation 11.4 with respect to λ and setting zero (∂F
∂λ
= 0) gives a
wavelength minimizing Fapp:
λ = 2pihl
(
El
3Es
)1/3
(11.5)
The second key parameter of the system is the amount of stress or strain inducing wrin-
kling. The critical stress is determined from Equations 11.4 and 11.5. The applied force
at the critical point (Fcrit) is divided by the cross-sectional area of the thin layer:
σc =
Fc
hw
=
(
9
64
ElE
2
s
)1/3
(11.6)
Then, the critical strain (c) is calculated:
c =
σc
El
=
1
4
(
3Es
El
)2/3
(11.7)
The critical strain depends only on the moduli of thin layer and substrate but not on the
thickness of the thin layer. Wrinkles occur if the applied strain exceeds the critical strain.
Further strain is compensated by increasing the amplitude (A) of the wrinkles. With the
assumption of λ being independent of , the wrinkle amplitude is derived by assuming
a release of tensile strain in the system upon onset of wrinkling equal to the overstrain
(− c). The overstrain is the diﬀerence between the applied strain and the critical strain
to obtain wrinkles.
− c = 1
λ
∫ λ
0
√
1 +
(
dz
dx
)2
dx− 1 (11.8)
Equation 11.2 is substituted in equation 11.8 and as A << λ and hence dz/dx is small it
is assumed that:√
1 +
(
dz
dx
)2
≈ 1 + 1
2
(
dz
dx
)2
(11.9)
This leads to:
− c = pi
2A2
λ2
(11.10)
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Combination of Equations 11.5, 11.7 and 11.10 yields to an equation correlating the
wrinkle amplitude A to the strain:
A = hl
√
− c
c
(11.11)
11.2 Development of Young-Laplace Equation for
Sessile Drops
A short summary of the development of the Young-Laplace equation for sessile drops can
be found in.276
Starting from the Young-Laplace equation (Equation 9.23), the pressure term is divided
into the change in hydrostatic pressure ∆pg and change in pressure due to drop curvature
∆pγ: (
1
R1
+
1
R2
)
γ = ∆pg + ∆pγ (11.12)
As sessile drops do not have constant curvature over the entire surface, pressure and
curvature are expressed in a spherical coordinate system shown in image 11.1.
x
z
s
dz
dx
ds

Figure 11.1: Coordinate system for development of Young-Laplace equation for sessile
drops.
The hydrostatic pressure away from the apex of the drop is given as:
∆pg = ρgz (11.13)
At the apex with z = 0, ∆pg = 0 and under the assumption of an axisymmetric drop,
R1 = R2 = b, the Young-Laplace equation gives:
2γ
b
= ∆pγ (11.14)
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Including Equation 11.13 and 11.14 into 11.12 gives the pressure balance at any z of the
drop:(
1
R1
+
1
R2
)
γ =
2γ
b
+ ρgz (11.15)
With expressions of the local curvature in spherical coordinates
1
R1
=
dθ
ds
(11.16)
1
R2
=
sin θ
x
(11.17)
Equation 11.15 gives:
dθ
ds
+
sin θ
x
=
2
b
+
ρgz
γ
(11.18)
The ﬁrst term on the right side is the curvature term, while the second term relates grav-
itational eﬀects to capillary eﬀects. In the last step of the development, Equation 11.18
is non-dimensionalized with the ratio c of physical properties of the ﬂuid.
c =
ρg
γ
(11.19)
c has the dimension of 1/length2 and gives the dimensionless coordinates as follows:
X = xc1/2 (11.20)
Z = zc1/2 (11.21)
S = sc1/2 (11.22)
B = bc1/2 (11.23)
The non-dimensionalization of Equation 11.18 leads to a set of ﬁrst-order diﬀerential
equations whose solution deﬁnes the drop shape.
dθ
dS
=
2
B
+ Z − sin θ
X
(11.24)
dX
dS
= cos θ (11.25)
dZ
dS
= sin θ (11.26)
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148
15 Abbreviations
Units
Å Angström
C Celsius
d day
◦ degree
g gram
h hour
Hz Hertz
J Joule
K Kelvin
l liter
m meter
min minute
mol molar
N Newton
Pa Pascal
rpm rotations per minute
s second
V Volt
W Watt
wt% weight percent
Variables
A amplitude
A′ material constant of tip
B′ material constant of sample
b radius of curvature at apex
c concentration
D dissipation
D′ equatorial drop diameter
d distance
DAFM diameter determined by AFM
E Young's modulus
E plain strain modulus
E∗ reduced modulus
F form factor
Fapp applied force
149
15 Abbreviations
Fc total force on cantilever
Fcrit critical force
Ft total force
Fi interaction force
F0 driving force
f1 total area of solid-liquid interface
f2 total area of solid-air interface
g gravity
H contact angle hysteresis
hl thickness of thin layer
I momentum of interia
Is scattering intensity
k spring constant
kb Boltzmann constant
ki wavevector of incident beam
kw Winkler's modulus of elastic half-space
m mass
n refractive index
n0 refractive index of air
P Lennard-Jones-potential
p pressure
pg hydrostatic pressure
pγ pressure due to curvature
Q quality factor
q scattering wave vector
R tip end radius
Rh hydrodynamic radius
r roughness
re electron radius
Rn main curvature radius of surface or surface segment
S surface stiﬀness
S ′ total interference function
T temperature
t time
v velocity
w ﬁlm width
Z electron number
αc critical angle
αf vertical exit angle
αi incident angle
β absorption part of refractive index
Γ line energy
γs,l ,v interfacial or surface tension of solid, liquid, vapour phase
γc critical interfacial or surface tension
γlv interfacial tension between liquid and vapor phase
γsl interfacial tension between solid and liquid phase
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γsv interfacial tension between solid and vapor phase
∆z height scale
δ dispersion part of refractive index
 compressive strain
c critical compressive strain
ζ zeta potential
Θ phase angle
θ contact angle
θA advancing contact angle
θf horizontal scattering angle
θR receding contact angle
θ0 equilibrium contact angle
Λ penetration depth
λ wavelength
µ linear absorption coeﬃcient
ν Poisson's ratio
ρ density
ρe electron density
σ derivative of force acting on tip
Φ virus deviator parameter
Ω virus occupancy parameter
ω frequency
ω0 resonance frequency
∅ diameter
Abbreviations
AAEM acetoacetoxyethyl methacrylate
AFM atomic force microscopy
AMPA 2,2'-azobi-2-methylpropionamidine dihydrochloride
app apparent
Au gold
BSA bovine serum albumine
BSE back scattered electron
CCD charge coupled device
CF4 tetraﬂuoromethane
DMT Derjaguin-Muller-Toporov model for elastic modulus
e electron
eﬀ eﬀective
e.g. for example
GID grazing incidence diﬀraction
GISAXS grazing incidence small angle x-ray scattering
HCl hydrochloric acid
i.e. that is
IntP intaglio printing
l layer
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15 Abbreviations
LCST lower critical solution temperature
LMW low molecular weight
MBA N,N' -methylene bisacrylamide
NaCl Sodium chloride
NH2 amine group
NH3 ammonia
NiPAAm N -isopropylacrylamide
NiPMAAm N -isopropylmethacrylamide
NP nanoparticle
PDADMAC polydiallyl dimethyl ammonium chloride
PDMS polydimethylsiloxane
PEI polyether imine
pH measure of activity of hydrogen ion
PMMA polymethylmethacrylate
PS polystyrene
PSS polystyrene sulfonate
PTFE polytetraﬂuoroethylene
QNM quantitative nanomechanical mapping
s substrate
SAM self-assembled monolayer
SAXS small angle x-ray scattering
SE secondary electron
SEM scanning electron microscopy
Si silicon
SiOx silicon oxide
SiO2 silicon dioxide
SiO2NH2-Au silica gold patchy particles
TEM transmission electron microscopy
TMV tobacco mosaic virus
UV ultra violett
VCL N -vinylcaprolactam
Vis visible
XPS x-ray photoelectron spectroscopy
µCP micro contact printing
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